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Chapter 1

Background And Research Goals

Viruses are pathogens that infect every domain of life, from bacteria and single-
celled eukaryotes, to insects, animals, and plants. While their inclusion into the
category of life is debated, they outnumber all forms of life by orders of magnitude, with
an estimated 103! bacteriophages on the planet (1). Given the approximately 200 nm
length of a bacteriophage, when lined up end-to-end these viruses would extend 200
million light years across the universe. While many illnesses can be traced to viral
origins, even healthy individuals are fundamentally impacted by viruses, as an
estimated 8% of the human genome is retroviral in origin (2). As obligate intracellular
parasites, virus replication requires exploitation of their host cell machinery and
resources while evading mechanisms hosts have evolved to counteract them. Thus, to
study viruses is to study life. In an effort to study a small corner of life, | have spent my
graduate studies working to understand the basic functions of the Human

Immunodeficiency Virus Type 1 (HIV-1).

HIV & AIDS

The pandemic pathogen HIV-1 is the major etiologic agent of acquired immune
deficiency syndrome (AIDS) (3, 4). HIV-1 was isolated from an AIDS patient and
subsequently identified as the causative agent of the disease in 1983. Two years later

the term “AIDS” was first used to describe patients suffering from depleted CD4* T cell



blood counts. HIV-1 education and surveillance has improved globally since the virus
was identified in the early 1980s. However, despite these improvements, HIV-1
transmission has grown to pandemic status. In 2017 the World Health Organization
(WHO) reported that approximately 36.9 million people were infected with HIV-1 and
estimated that 77.3 million people had become infected since the start of the pandemic
(5). HIV infection rates rose steadily through the 1990s, peaking in 1995 with an
estimated 3.4 million cases (6). Despite a steady decline in transmission since then, 1.8
million people became infected in 2017 (6). AlIDS-related deaths also rose throughout
the 1990s, peaking in 2005 at 1.9 million (6). As of 2017, cumulative AIDS-related
deaths were estimated to be over 35 million since the start of the pandemic. Thus, HIV-

1 has been and continues to be a scourge of human health.

HIV-1 Pathogenesis

HIV-1 transmission occurs after exposure to mucous membranes during sex or
ingestion of breast milk, during birth, or direct exposure to the blood stream via
intravenous needle use (7). The primary cellular target for HIV-1 is CD4* T lymphocytes
(8). The epithelial cells lining the gut and reproductive tissues are exposed to the virus
upon transmission, and mucosal transit is facilitated by local inflammation and/or
ulcerations or by contact with dendritic cells: the viral Env protein can interact with the
surface-expressed DC-SIGN protein on dendritic cells (9). Dendritic cells can then act
as a shuttle and present the virus directly to CD4* T cells in lymphatic tissues, where

replicating virus quickly disseminates throughout the body.



Disease progression varies between individuals and circumstances; however,
most infections result in a three-phase clinical course. First, an acute phase of viremia
lasts two to six weeks, where many infected individuals experience flu-like symptoms
(10). Viral replication expands rapidly with a loss of CD4" T cells, specifically in the gut
associated lymphoid tissue (GALT) (10). The initial viremia is eventually controlled by
the immune system; however, the GALT is not restored, thus compromising the immune
protection and homeostasis of the gut in infected individuals. When acute infection
resolves, patients enter into clinical latency (11). During this time, circulating viral titers
remain low; however, persistent CD4" T cell infection gradually depletes the host’s
immune system, eventually to a point at which the virus cannot be controlled (12-14).
The subsequent CD4* T cell decline results in a failure of the host immune system to
control infections and cancer, resulting in AIDS, see Figure 1-1. AlDS-related deaths
are not directly caused by HIV-1 replication, rather are commonly the result of other
opportunistic pathogen infections (viral and/or bacterial) that the host would otherwise

typically be able to defend against (10).
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T
: - * 7 —
E %7 Acute aps/ f10° <
2 410004 . Viremia Clinical Latency 10° 3
T —r J )
C) 10° Z
w  800- s
c 10% ©
2 600+ 8
§ 10° o
|—
.|.q_ 200- 101 5
o 7
o c | | | ] | | | | | | | | | | | || | | | | | | | | 100 93,

0369121234567 891011
Weeks Years

= CD4" T-cells — Copies/ml Plasma

Figure 1-1: HIV-1 Disease Progression Towards AIDS. The disease progression
towards AIDS can be segmented into three phases. Acute viremia lasts for a few weeks
when viremia spikes with an accompanying loss in CD4* T cells. When the initial viremia
is controlled and T cell counts rebound, a period of clinical latency starts, which can last
for several years. Eventually, HIV-1 replication exceeds control, and CD4" T cell counts
fall below 200 cells/ml (#). Patients become highly susceptible to opportunistic pathogens
during AIDS and eventually die (*) from opportunistic infections and/or cancers. Adapted
from Fauci et al. Ann. Int. Med. (1996) (11).



The course of clinical latency can vary between individuals. Rapid progressors
develop AIDS within two to three years after infection, while slow progressors (the vast
majority of infected individuals) may remain healthy for ten or more years (15). A small
percentage of patients never develop AIDS (15). These long-term non-progressors do
not lose CD4" T cells despite viral infection. Differences in disease progression can
depend on the strain of virus exposed to, initial viral titer during the exposure, as well as
the nature of the immune response. For example, broad epitope recognition results in a
better chance of clearing viremia faster and for a longer time than a narrow recognition
window.

Disease progression is also affected by treatment, the goal of which is to reduce
virus replication to undetectable levels. Current therapeutics successfully target the
viral enzymes: reverse transcriptase, integrase, and protease (16). The combined
administration of three drugs, referred to as highly active antiretroviral therapy (HAART),
is a successful treatment for delaying the disease progression towards AIDS (17-19).
However, once started, treatment must continue for the lifespan of patients, as a lapse
in treatment can stimulate replication of drug-resistant virions and accelerated AIDS
progression (16).

There is currently no vaccine or cure for HIV-1 infection. While current
therapeutics effectively block viral replication, no therapy currently targets or eliminates
the reservoir of cells with integrated provirus. This population of cells has been infected
and is capable of spreading virus, which means infected patients will always have a
source of viral replication. However, to date, at least one individual has effectively been

cured of his HIV-1 infection (20, 21). The so-called “Berlin Patient” underwent



chemotherapy and irradiation to ablate his immune system in an attempt to cure his
acute myeloid leukemia. He then received a bone marrow transplant from an individual
naturally immune to HIV-1 infection due to a mutation in the CCRS HIV-1 co-receptor,
which is necessary for viral fusion with the target cell membrane. After the transplant,
the patient stopped HAART, and years later, remains HIV-1 free. In 2019, a second
HIV-1 infected patient underwent the same procedure and currently has undetectable
levels of the virus (22). While this approach has resulted in at least one cure for HIV-1
infection, irradiation and donor-matched transplantation do not represent a viable option
for the millions of, mostly impoverished, infected individuals. Thus, a different approach
is necessary to cure the millions of infected people around the globe. In this
dissertation, | describe efforts aimed at understanding HIV-1 host-factor interactions as
well as maturation determinants critical for generating infectious virions. This

information may help guide novel therapeutic design.

HIV-1 Structure

HIV-1 is a member of the Lentivirus genus of the larger Retroviridae family (23).
It is an enveloped virus that contains two identical, positive-sense strands of RNA (see
Figure 1-2). The major structural proteins of the virus are derived from the Gag
polyprotein, which is composed of the matrix (MA), capsid (CA), and nucleocapsid (NC)
polypeptides. In addition to the three main structural proteins of Gag, there are two
small spacer peptides, SP1 and SP2, as well as the C-terminal peptide p6. Associated
with the membrane of the virion are the receptor-binding Env protein gp120 and the

fusion protein gp41, also termed surface (SU) and transmembrane (TM) proteins,



respectively. Env is a trimer of heterodimers of the gp120 and gp41 proteins, and
approximately fourteen trimers are present on the surface of a single virion (24). In
addition to the Gag structural proteins and Env proteins, an HIV-1 particle also contains
the enzymatic proteins necessary for replication: reverse transcriptase (RT), integrase
(IN), and protease (PR). Finally, HIV-1 particles also contain an accessory protein, Vpr,

which is reported to enhance infection in macrophages (25) and primary T cells (26, 27).



Figure 1-2: Structure Of A Mature HIV-1 Virion. HIV-1 is an enveloped, single-stranded
RNA virus. It contains two copies of its genome within a conical capsid which includes
the viral enzymes reverse transcriptase and integrase. The nucleocapsid protein coats
the RNA. Viral envelope proteins span the viral lipid membrane and exist as a trimer of
heterodimers of gp120 and gp41 proteins. A single virion is approximately 120 nm in
diameter. Adapted and modified from Campbell and Hope, Nature Reviews (2015) (28).



HIV-1 transitions between two distinct structures: immature particles and mature
virions. Immature particles are compositionally identical to mature virions; however, the
two are structurally distinct. Gag polyproteins are present as an incomplete, spherical
lattice in immature particles, which are non-infectious (29). Activation of the viral
protease results in cleavage of Gag polyproteins at each junction. Cleaved CA
molecules then assemble into a cone-shaped, hexameric lattice referred to as the
capsid, (see Figure 1-4 B). The capsid surrounds the RNA genome and cleaved NC,
IN, and RT proteins. Collectively, the capsid and its contents comprise the viral core.
The conversion of an immature particle to a mature virion is required for infection, and is
termed maturation, as discussed below (29).

The =9-kb genome of HIV-1 also encodes several accessory proteins that
perform various functions during replication. These include Tat and Rev, which
upregulate viral protein expression by promoting HIV-1 transcription and subsequent
RNA transport to the cytosol (30). Additionally, viral proteins Vif, Vpu, and Nef function
to augment infectivity and pathogenesis by counteracting cellular defense factors.
Expression of the structural and non-structural viral proteins from the provirus is
achieved by RNA splicing (31). Full-length RNA transcripts are used to generate the
Gag and Gag-Pol polyproteins. A medium-length 4-kb single splice variant is required
for Env, Vpr, Vif, and Vpu expression. The 2-kb multiply-spliced RNAs are required for

Tat, Rev, and Nef expression.



HIV-1 Replication Cycle

HIV-1 replication begins with attachment of a mature, infectious virion to the host
cell via Env interactions (32). Entry into host cells begins with gp120 contact with
surface-exposed CD4, followed by interaction with either CCR5 or CXCR4 co-receptors
(33). Co-receptor engagement triggers a conformational change in gp41, which
extends from the viral membrane into the host cell membrane (32). Unfolding of gp41
and its interaction with the target cell membrane bridges viral and cell membranes and
initiates fusion of the virus to the host cell. The viral core then enters the cell and
begins five processes: uncoating, reverse transcription, trafficking to the nucleus, entry
into the nucleus, and integration into host chromatin, (see Figure 1-3).

Several different models account for these early replication events; however,
most models depict the first four events occurring in concert (28, 34, 35). Viral cores
begin to traffic to the nucleus via engagement of the cytoskeletal network (36-40).
During transport, CA dissociates from the capsid in a process termed uncoating (34,
41). The rate of uncoating appears to be a regulated event: uncoating that proceeds
too quickly or too slowly results in poor infection (42-46). Reverse transcription occurs
during trafficking and uncoating (47-50) and is the conversion of the positive-sense,
single stranded RNA genome to double stranded DNA via RT (51). During reverse
transcription, the uncoating, trafficking core is referred to as the “reverse transcription
complex” (RTC). Once a sufficient amount of uncoating has occurred and the viral
genome reverse is transcribed, a complex of the remaining core elements, termed the

“pre-integration complex” (PIC), traverses the nuclear envelope via CA interactions with
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the nuclear pore (NUP) proteins (52-58). IN and host DNA repair elements then direct
the integration of the viral genome into gene-dense areas of the host chromatin (59).
Host cell factors activate the transcription of viral RNA and translation of viral
proteins, beginning with Tat and Rev, which facilitate further transcription and export of
viral RNA for translation. Env proteins, initially translated as the gp160 polyprotein, are
glycosylated and proteolytically cleaved before transport to the cellular membrane (60).
Gag polyproteins are directed to the membrane and Env via N-terminal myristoylation
and basic residues of the MA subunit (61-63). Gag and Gag-Pol proteins coassemble
at the membrane via interactions between the CA regions of associated Gag molecules,
followed by recruitment of the viral RNA genome and accessory proteins. Immature
Gag assemblies begin to bud from the surface of the host cell while PR begins the

maturation process, resulting in a mature virus (64).
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Figure 1-3: The Replication Cycle Of HIV-1. HIV-1 replication begins with attachment
to CD4 at the cellular membrane and entry via membrane fusion. The core enters the
cell and is transported to the nucleus. Uncoating, reverse transcription, and nuclear
penetration follow. Once the PIC has entered the nucleus, the reverse transcribed viral
DNA is integrated into the host chromatin. Viral proteins are synthesized by the host and
assemble at the cellular membrane. Non-infectious, immature particles are released from
the cell. Proteolytic cleavage of the gag polyprotein results in a mature virion capable of
repeating the cycle. Drawing was prepared by David Dismuke.
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HIV-1 Maturation

As mentioned above, maturation results in the conversion of a non-infectious
immature particle to an infectious, mature virion via proteolytic cleavage of the Gag
polyprotein, (see Figure 1-4 A). Maturation begins by the auto-activation of the viral
protease (PR) which cleaves itself from the Gag-Pol polyprotein. PR then cleaves the
Gag subunits at varying rates (65). Cleavage between SP1 and NC occurs most
rapidly, followed by cleavage between MA and CA. Two cleavage events then occur
between NC and p6 at both ends of SP2. The slowest cleavage product occurs
between CA and SP1. PR cleavage results in a dramatic conformational change in
HIV-1 from an incomplete spherical, radially-arranged lattice of Gag polyproteins, to a
closed, conical assembly of CA hexamers, see Figure 1-4 B. While the structures of the
immature Gag lattice (66-68) and mature CA lattice (67, 69-73) are well characterized,
the exact mechanism of maturation has yet to be determined. Two competing models
of maturation have emerged from an abundance of structural studies:
disassembly/reassembly and displacive. The disassembly/reassembly model predicts
that cleaved, soluble CA assembles into the capsid lattice de novo (66, 74-80), while the
displacive model of HIV-1 capsid maturation predicts that the CA-CA interactions of the
immature lattice transform following PR cleavage from Gag, resulting in the mature
capsid without CA disassembly (81, 82). Recently, evidence in support of a third model
has been proposed to combine elements of both disassembly/reassembly and

displacive models (83).
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A Proteolytic Cleavage of Gag

Immature

Figure 1-4: HIV-1 Maturation. A. HIV-1 maturation requires proteolytic cleavage of the
gag polyprotein at each subunit site. Subunit cleavage proceeds at different rates. The
numbers indicate rate of subunit release: SP1-NC cleavage occurs most rapidly, and CA-
SP1 cleavage occurs least rapidly. B. Schematic representation of immature HIV-1
particles and mature HIV-1 virions before and after proteolytic gag processing. Adapted
and modified from Freed Nature Reviews (2015) (29).
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HIV-1 CA-CA Interactions

The cleaved CA protein of HIV-1 is 231 amino acids long, and it is the major
structural protein of the mature virion. CA consists of two, independently-folded
domains: the N-terminal domain (NTD), amino acids 1-145, is joined to the C-terminal
domain (CTD), amino acids 152-231, by a flexible linker (84). Both domains are largely
helical, with the NTD consisting of seven alpha helices and two beta hairpins, and the
CTD consisting of four alpha helices and a 3-10 helix (84, 85). Regardless of the exact
mechanism of maturation, cleaved CA assembles into the capsid via CA-CA
interactions at three interfaces (Figure 1-5).

Hexamer assemblies of CA subunits form via interactions between neighboring
NTDs at the NTD-NTD interface (71, 72, 85-87). The interaction forms an 18-helix
bundle that consists of the first three helices of each CA NTD. CA hexamers also
involve interactions between the NTD and CTDs of neighboring subunits (NTD-CTD
interface) (72, 88, 89). A lattice of hexamers is supported via CA CTD-CTD interactions

at the two-fold and three-fold axes (84-86, 90).
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Intrahexamer Interactions

Interhexamer Interactions

Figure 1-5: CA-CA Interactions At The Capsid Intermolecular Interfaces. CA forms
hexamers via intermolecular interactions between neighboring NTDs (blue boxes and
blue arrows) and through interactions between NTDs and CTDS (gold boxes and green
arrows). CA hexamers form a lattice of hexamers via intermolecular interactions at the
CTD three-fold interface between neighboring CTDs (gold arrows).
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The assembled HIV-1 capsid consists of =250 CA hexamers that adopt a
fullerene cone shape (67, 69-73). This geometry is promoted, in part, by the addition of
12 CA pentamers with an asymmetric distribution on the two ends: 12 pentamers are
located at the wide end of the capsid, while 7 pentamers are located at the narrow end
(70). The formation of the CA pentamer occurs less efficiently than the hexamer, likely
due to electrostatic repulsion forces via the internal arginine residue at position 18. The
hexamer arrangement mitigates this repulsion more efficiently than the pentamer
arrangement, and mutagenesis studies at this position have resulted in particles with
more curved, spherical capsids hypothesized to result from more efficient pentamer
formation (85, 91). The mechanisms of CA pentamer formation and asymmetric

arrangement are presently unknown.

HIV-1 CA-Host Factor Interactions

As a hallmark of viral replication, HIV-1 usurps host proteins and processes for
its own benefit. Passive examples of host factor utilization are DNA and RNA
replication machinery, ribosome use, and Golgi secretory pathways required for protein
production, as well as the use of deoxynucleotide triphosphates (ANTPs) during reverse
transcription. However, HIV-1 also uses more direct approaches of host factor
utilization during replication. Often, these require interactions between the host protein
and a viral protein. During early replication events, the HIV-1 capsid and core elements
interact with numerous host proteins (28). Most of these interactions are required for

efficient replication; however, the capsid is also a target for antiviral defenses.
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Upon entry into the cell, one of the first interactions between the capsid and the
host occurs at the microtubule network. Work in our lab and others has shown that the
core traffics to the nucleus and may undergo uncoating while on the microtubule
network via interactions with the capsid and dynein and kinesin motor proteins and
adaptor proteins (36-40, 92-96). One report also suggests a model in which the act of
trafficking facilitates the uncoating process through multiple motor protein engagements
to the capsid that exert opposing forces, overcoming the structural integrity of the lattice
(94).

HIV-1 and other members of the Lentivirus genera are unusual among
retroviruses with respect to their efficient ability to infect non-dividing cells (97-99).
Other retroviruses require cell division which renders the host chromatin accessible for
integration (97). The ability of lentiviruses to infect non-dividing cells has been
genetically mapped to CA (100-102). While various uncoating models disagree as to
the nature of the capsid that arrives at the nucleus, that is, whether the capsid has
uncoated or not and to what extent, there is currently no model that accounts for nuclear
penetration that is not facilitated by the nuclear pore complex (NPC). The NPC consists
of several different proteins, nucleoporins (Nup), that act to actively transport large
proteins and complexes in and out of the nucleus. The nucleoporins Nup153 and
Nup358 have been implicated with PIC nuclear entry via CA interactions (55-57, 103-
106). Additionally, nuclear import and integration are also facilitated via CA interactions
with transportin 3 (TNPO3) (107-110) and cleavage and polyadenylation specificity
factor 6 (CPSF6) (107, 111-113). While the mechanisms by which these proteins

facilitate HIV-1 nuclear entry are unknown, their requirements have been documented in
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mutagenesis and depletion studies. Additionally, CPSF6 has been shown to affect
where HIV-1 DNA integrates into the host chromatin by targeting integration into gene-
dense areas, away from the perinuclear space (114, 115).

Perhaps the most studied CA interaction within cells is that between CA and
cyclophilin A (CypA). CypA is an abundant, peptidyl-prolyl isomerase host protein that
binds to CA at an unstructured loop between helices 4 and 5 at positions G89 and P90
(116-120). CA binds to the active sites of CypA, which results in cis to frans
isomerization at P90 (116); however, it is unknown if this isomerization is
mechanistically involved in how CypA influences HIV-1 replication. The CA-CypA
interaction promotes infection, and has been implicated in reverse transcription,
uncoating, and nuclear entry (57, 104, 108, 121-124). However, the requirement for
CypA is strain specific (125) as well as cell type-dependent (126, 127), and CypA can
even inhibit HIV-1 in certain cell types (128, 129).

Recently, our lab and others have identified the host protein elongation factor 1 A
(EF1A) to be necessary for HIV-1 infection. EF1A was identified as an HIV-1 Gag
binding protein at both MA and NC sites, which was initially speculated to promote viral
RNA incorporation into virions (130). Later, EF1A was reported to specifically interact
with HIV-1 RT and IN (131). This report demonstrated the necessity of EF1A for late
reverse transcription and implicated EF1A in stabilizing the reverse transcription
complex. At the same time as this report, work in our lab identified EF1A from cell
extracts that promoted uncoating of purified cores in vitro. Uncoating was then
observed again with the use of recombinant EF1A (David Hout, unpublished data).

EF1A has since been demonstrated to directly bind RT, an interaction that can be
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blocked by the small molecule didemnin B (132-134). | spent the early work of my
thesis project studying the requirement of EF1A for HIV-1 infection, which is detailed in
Chapter 3 of my dissertation.

While CA and the viral capsid mediate host factor interactions that promote
infection, the capsid is also the target of cellular restriction factors (35, 135). The two
most studied capsid-binding restriction factors are tripartite motif protein 5 alpha
(TRIM5a) and myxovirus resistance protein B (MxB). TRIMSa is unique among the
TRIM family of proteins in that, in addition to its three canonical domains: ring, B-box,
and coiled-coil, it contains the capsid-binding SPRY domain (135). TRIMSa binds to the
capsid lattice and forms a large cage around it. The capsid is then prematurely
disassembled via ubiquitin recruitment and proteasomal degradation, resulting in
reverse transcription impairment (136-139). Interestingly, proteasome inhibition does
not rescue HIV-1 replication in TRIMSa expressing cells: reverse transcription is no
longer impaired, but nuclear entry is (140, 141). The homologous protein TRIMCyp also
restricts HIV-1 replication; however, the capsid recognition occurs via a CypA domain in
place of the SPRY domain of TRIMS5a (142, 143). The interferon-induced protein MxB
also binds to the capsid and restricts HIV-1 replication before and after nuclear import

(144-149).

Goals Of My Thesis Work
My thesis work has focused on two different aspects of HIV-1 replication: 1) host
factor interactions and 2) maturation. During my early thesis work, | used an in vitro

binding assay and Multidimensional Protein Identification Technology (MuDPIT)
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proteomics in an attempt to identify novel capsid-binding host proteins. From my
screen, | identified EF1A as a candidate CA-binding host protein. | then proceeded to
simultaneously validate EF1A as a CA-binding host protein, as well as a functional
protein required for HIV-1 infection. While | determined that EF1A had a low,
substoichiometric interaction with CA, | also determined that EF1A was required for
efficient infection, and that this requirement varied with the Env protein. HIV-1 particles
bearing native Env depend on EF1A during infection of CD4* HeLa and T cells;
however, EF1A was dispensable for HIV-1 infection of particles pseudotyped with VSV-
G protein. | also determined that EF1A depletion results in down-regulation of surface-
exposed CD4. While most of the literature regarding HIV-1 and EF1A was focused on
the RT-EF1A interaction, my finding, that EF1A is an Env-dependent host factor, is
novel. This work is described in Chapter 3.

The second part of my thesis project focused on determining the antiviral
mechanism of a single mutation at the cleavage site between MA and CA in Gag. The
single Y132| substitution had previously been shown to be transdominant when used in
a phenotypic mixing experiment (150). The authors of that study reported that particles
resulting from cotransfections between wild type and Y132l proviral plasmids had
morphologically aberrant cores, and they were impaired for reverse transcription;
however, the exact mechanism remained undetermined. My goal was to determine the
antiviral mechanism of the uncleaved MA-CA protein. | found that the uncleaved MA-
CA protein coassembles with CA in particles without affecting the hexameric assembly
of CA and that the MA-CA-containing cores are stable. In contrast to what had

previously been reported, | observed no impairment at reverse transcription; rather,
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nuclear entry was impaired, and integration targeting was altered. Finally, by
performing a mutational analysis, | determined that the membrane-binding elements of
MA are required for the antiviral potency of MA-CA. | proposed a model that uncleaved
MA-CA protein coassembles into the capsid and tethers the core to the cellular
membrane of the infected cell, thus impeding trafficking to the nucleus. My work has
resulted in several novel findings, including the coassembly of uncleaved and cleaved
Gag subunits, which suggest that CA must be cleaved during maturation in order to
avoid improper assembly and impaired infection. This work was published in Journal of

Virology (151), and it is described in Chapter 2.
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Chapter 2

Dominant Negative MA-CA Fusion Protein Is Incorporated Into HIV-1 Cores And Inhibits

Nuclear Entry Of Viral Preintegration Complexes

Introduction

As described in Chapter 1, particle maturation occurs late in the HIV-1 replication
cycle and is required for producing an infectious virus. Immature HIV-1 particles are
composed of Gag polyproteins containing segments corresponding to the matrix (MA),
capsid (CA), spacer peptide 1 (SP1), nucleocapsid (NC), spacer peptide 2 (SP2), and
p6 proteins. In cells, Gag is myristoylated at its amino terminus; this modification,
together with a nearby highly conserved stretch of positively charged residues in the MA
region, promotes its association with the plasma membrane during particle assembly.
As the assembling particle begins to bud from the cell membrane, the viral protease is
activated and cleaves Gag into its individual protein components. The cleavage sites
are processed at different rates, with SP1-NC cleaved most rapidly, followed by MA-CA,
NC-SP2, SP2-p6, and finally CA-SP1 (Figure 1-4) (65, 152-154). The first cleavage
releases NC, resulting in formation of the condensed viral ribonucleoprotein complex
(VRNP) and the stable genomic RNA dimer. Subsequently, cleavage at the MA-CA
junction releases CA-SP1, leaving MA attached to the inner face of the viral membrane.
CA-SP1 then assembles and is slowly cleaved, resulting in formation of the hexameric
capsid lattice. Maturation results in the conversion of immature particles, which contain

a spherical lattice of Gag and Gag-Pol polyproteins, into mature particles harboring a
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conical metastable capsid. The capsid, a closed conical assembly of CA polymers,
encases the nucleic acid and protein components necessary for viral replication: two
copies of viral genomic RNA and cognate tRNA, reverse transcriptase (RT), integrase
(IN), and nucleocapsid (NC), which collectively comprise the vVRNP. The capsid and its
contents comprise the viral core (recently reviewed in (35)).

While the starting and ending products of maturation are hexameric lattices, the
structural organizations of the immature and mature lattices are distinct. Each lattice
involves contacts between the two independently folded domains of CA: the amino-
terminal and carboxy-terminal domains (NTD and CTD, respectively). The immature
lattice is an incomplete sphere of radially arranged 8 nm Gag hexamers formed by
neighboring CA NTD-NTD interactions and stabilized by CA CTD-CTD dimer
interactions (66-68). In contrast, the mature lattice adopts a fullerene cone shape
consisting of ~250 hexamers and 12 pentamers, which are arranged asymmetrically
with 7 on one end and 5 on the other (67, 69-73). Once cleaved from MA, the N-
terminal 51 residues of CA fold into a beta-hairpin structure (155). The mature CA
lattice is composed of hexamers assembled via CA NTD-NTD (71, 72, 85-87) and NTD-
CTD (72, 88, 89) interactions, and adjacent hexamers are stabilized via CTD-CTD
interactions at the three-fold interface (84-86, 90).

Maturation is a critical step in HIV-1 replication, making it attractive for antiviral
inhibitor development. Protease inhibitors are a highly successful strategy for limiting
viral replication (156), as perturbations or interruptions in Gag cleavage result in
abortive infection (157). A separate class of maturation inhibitors (Mls), typified by

bevirimat, bind to the assembled Gag lattice and inhibit cleavage at the CA-SP1 junction
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(78, 158-160). Another class, allosteric IN inhibitors (ALLINIs), bind IN and decouple
the incorporation of the vRNP into the viral capsid shell during maturation (161-168).
Although both Mls and ALLINIs potently inhibit HIV-1 replication, none of these
compounds is yet clinically approved.

The effects of inhibiting cleavage at each site in Gag have been studied in both
murine leukemia virus (MLV) (169, 170) and HIV-1 (150, 171-173). Using phenotypic
mixing strategies to produce viruses harboring ratios of cleavable and non-cleavable
Gag proteins, both Lee et al. (150) and Muller et al. (172) reported that incorporation of
uncleaved MA-CA protein markedly inhibited HIV-1 infectivity, while Checkley and
coworkers reported a similar phenotype when the CA-SP1 junction was blocked (171).
Ruli et al. reported that uncleaved p12-CA in MLV was transdominant due to the
absence of an N-terminal proline residue on CA. Lee et al., by contrast, demonstrated
that substituting the N-terminal proline of HIV-1 CA to either Lys or Phe did not result in
potent inhibition of infection, suggesting that uncleaved MA-CA HIV-1 protein impairs
infectivity through a different mechanism than that by p12-CA in MLV. Notwithstanding
these differences, these studies highlight the importance of proper Gag processing for
retroviral replication, since relatively small amounts of uncleaved Gag can dramatically
inhibit infection. Lee and coworkers reported that HIV-1 particles containing uncleaved
MA-CA protein are impaired for reverse transcription and harbored morphologically
aberrant and eccentrically located cores, suggestive of a maturation defect (150).
However, the effects of the uncleaved protein on maturation were not analyzed in detail.

In my studies, | sought to further define the mechanism by which uncleaved MA-

CA reduces HIV-1 infectivity. Based on previously-reported results (150), |

25



hypothesized that coassembly of uncleaved MA-CA and cleaved CA proteins within
particles perturbs the intermolecular interfaces in the capsid and that the resulting
capsids are intrinsically unstable. | observed evidence for coassembly between
uncleaved MA-CA and cleaved CA proteins in virus particles but without detectable
perturbation of the CA-CA intermolecular interfaces. Additionally, | observed that the
particles contained stable cores and were proficient for reverse transcription. However,
nuclear entry was predominantly inhibited, and integration targeting was also altered.
Finally, the results of genetic analysis suggest that the membrane-binding ability of Gag

contributes to the antiviral potency of uncleaved MA-CA.

Results
Confirming The Transdominant Phenotype Of Uncleaved MA-CA

Lee et al. (2009) reported that incorporation of a Gag protein containing a
substitution preventing cleavage of the MA-CA junction (MA Y 132I) profoundly reduced
HIV-1 infectivity and yielded morphologically eccentric particles. To confirm these
results, | transfected HEK293T cells with a wild type HIV-1 proviral plasmid together
with various quantities of the mutant, MA Y132I (MA-CA) proviral plasmid. The resulting
particles, normalized for CA content by p24 ELISA, were assayed for infectivity in Hela
TZM-bl cells by quantifying the expression of the luciferase reporter gene that is
transactivated in the cells upon expression of the HIV-1 Tat protein from integrated
proviruses. Consistent with the previous study (150), | observed potent inhibition of
HIV-1 infectivity by MA-CA, with 5% of the plasmid resulting in a 70% loss of infectivity

and 20% of MA-CA essentially abolishing infectivity (Fig. 2-1A). The cotransfection
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approach resulted in particles containing both CA and uncleaved MA-CA proteins (Fig.
2-1B). | refer to particles generated from WT and MA-CA cotransfections as MA-CA
mixed particles.

| then collaborated with Alan Engelman’s group to visualize mixed particles. MA-
CA mixed particle morphologies were characterized by thin-section EM based on the
following classifications: mature, with centrally located electron density oftentimes in
association with a conical core; immature, with partial of full toroidal electron density
beneath the viral membrane; eccentric, with blob-like electron density in association
with the viral membrane, most often separated from translucent core-like structures; and
empty, which predominantly lacked clear electron density signal (Fig. 2-1C). Based on
cryogenic electron tomography (cryo-ET) bubblegram imaging of wild-type HIV-1 and
morphologically eccentric class Il IN mutant particles as well as eccentric particles
produced in the presence of ALLINIs, the electron density is coincident with NC protein
and thus maps the position of the vVRNP within viral particles (164). Similar to the prior
study (150), preparations of MA-CA mixed particles harbored populations of virions with
eccentrically located electron density (Fig. 2-1D). The percentage of particles with
eccentric particle morphology was proportional to the percentage of MA-CA plasmid in

the cotransfections (R?= 0.90).
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Figure 2-1. Virological Properties Of HIV-1 Containing Uncleaved MA-CA. (A)
Infectivity of HIV-1 particles produced by transfection of 293T cells with a wild type HIV-1
plasmid together with the indicated fractions of the MA-CA plasmid encoding the Y132I
substitution in Gag that prevents cleavage of the MA-CA junction. Shown are the mean
values from 5 independent experiments. Error bars represent standard deviations. (B)
Immunoblotting analysis of the pelleted particles, probed with antiserum specific for CA.
Shown are representative results from one of three independent experiments which
exhibited similar outcomes. (C) Particles from MA-CA cotransfections analyzed by thin-
section EM. Representative images of mature, immature, eccentric, and empty particle
morphologies. (D) Quantitative analysis from thin-section EM. Results are percentages
normalized for the different morphologies from counting at least 100 particles per
experiment; error bars show standard deviations from two independent experiments. (C
and D) Images were curated and analyzed by Wen Li in Alan Engelman’s lab.

28



Assembly Properties Of MA-CA Mixed Particles

The observed effects of uncleaved MA-CA protein on the morphology of the viral
core suggested that the inhibitory effect occurs through disruption of capsid assembly.
Therefore, | sought to determine whether uncleaved MA-CA and cleaved CA proteins
coassemble in particles, and if so, what effect this has on formation of the various
intermolecular contacts necessary for capsid assembly. | employed an approach
involving engineered disulfide crosslinking between CA subunits. It has previously been
shown that the NTD-NTD intermolecular interface critical for CA hexamer assembly can
be covalently stabilized by engineering disulfide crosslinks between CA positions A14
and E45, resulting in CA hexamers that can be detected by SDS-PAGE (174). To
determine whether the uncleaved MA-CA protein coassembles with CA in virions, |
cotransfected a plasmid harboring the A14C substitution with the MA-CA plasmid
harboring the E45C substitution (Fig. 2-2A and 2-2B). The predicted molecular weight
of the MA-CA/CA heterodimer resulting from disulfide crosslinking is approximately 67
kDa. Under non-reducing conditions, | observed an approximately 70 kDa protein, the
intensity of which correlated to the ratios of the two constructs used in the
cotransfection. This species was detected by both anti-CA and anti-MA antibodies but
was not observed under reducing conditions, indicating that it resulted from disulfide
crosslinking and contains the MA-CA protein. | confirmed the results by performing the
reciprocal analysis by cotransfecting a plasmid harboring the E45C substitution together
with the MA-CA plasmid harboring the A14C substitution. Similar to the original result, |

observed the same 70 kDa species under non-reducing conditions (Fig. 2-2C and 2-
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2D). These results indicate that uncleaved MA-CA is capable of associating with CA in

particles.
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Figure 2-2. Association Of Uncleaved MA-CA Protein With CA In HIV-1 Particles.
An HIV-1 plasmid encoding the A14C substitution in CA was cotransfected with the MA-
CA plasmid encoding the E45C substitution in CA at the indicated percentages. Particles
were pelleted, and proteins were separated by SDS-PAGE under reducing and non-
reducing conditions and immunoblotted with antiserum specific for CA (panel A) and MA
(panel B). Panels C and D show the results of the same analysis with plasmids encoding
the reciprocal Cys substitutions (E45C, and MA-CA/CA A14C). Shown are representative
results from one of two independent experiments that produced similar outcomes.
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| next asked whether CA and MA-CA proteins can coassemble in vitro using
purified recombinant 14C/45C CA and MA-CA proteins and immunoprecipitation.
Because tubular assemblies of recombinant CA pellet at low speeds, | employed
immunoprecipitation by magnetic beads to avoid centrifugation and consequent
pelleting of independently assembled CA tubes. | assembled CA and MA-CA proteins
in the presence of 1 M NaCl, either separately or together, pelleted them to remove the
unassembled proteins, and added the assemblies to beads coated with antiserum
directed against HIV-1 MA protein. | observed coimmunoprecipitation of CA with MA-
CA when the proteins were first coassembled in the same assembly reaction (Fig. 2-3A
lane 4). However, when separately assembled CA and MA-CA proteins were added to
the same immunoprecipitation reaction, the quantity of CA in the immunoprecipitate was
approximately 20% of that observed with coassembled proteins (Fig. 2-3A, compare
lanes 4 and 5). These observations indicated that CA and MA-CA can coassemble in
vitro. | also analyzed the assembled proteins by negative-stain EM. Recombinant
14C/45C CA protein forms long, hollow nanotubes when assembled under high salt
conditions (Fig. 2-3B, left panel). Interestingly, when recombinant CA and MA-CA
proteins were coassembled, | did not observe ordered nanotube structures. Rather, |
observed densely-packed protein aggregates (Fig. 2-3B, right panel). Non-reducing
SDS-PAGE and Coomassie staining revealed that MA-CA alone did not yield higher-
order structures, and that CA efficiently formed hexamers in the presence of MA-CA
(Fig. 2-3C). Thus, consistent with my characterizations of virus particles, recombinant
MA-CA protein induced a capsid assembly defect without preventing CA hexamer

formation.
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Figure 2-3. in vitro Assembly Of Recombinant CA And MA-CA Proteins. (A)
Immunoprecipitation of MA-CA with anti-MA antibody coated protein A/G magnetic beads.
Purified recombinant HIV-1 CA and MA-CA proteins were assembled separately or
coassembled at 0.8 mg/ml each and pelleted. The assembled proteins were
resuspended and captured with magnetic beads coated with MA-specific polyclonal
antibody. Immunoprecipitated proteins were separated by SDS-PAGE under reducing
conditions and immunoblotted with CA-specific antiserum. Lanes 6-8 contain equivalent
quantities of the assembled proteins that were added to the beads, analyzed for
reference. Shown are representative results from one of three independent experiments
which exhibited similar outcomes. (B) Representative negative-stain EM images of
recombinant CA (left panel) and CA coassembled with recombinant MA-CA (right panel)
from one of two independent experiments with similar outcomes. Each scale bar
represents 500 nm. (C) Assembly reactions from (B) separated by non-reducing and
reducing SDS-PAGE followed by Coomassie staining. Shown is a representative result
from one of two independent experiments with similar outcomes.
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My results indicate that uncleaved MA-CA protein induces assembly defects both
in particles and in vitro without prohibiting CA hexamer assembly. | next asked whether
uncleaved MA-CA perturbs the CA-CA intermolecular interfaces necessary for proper
capsid assembly. It has previously been shown that engineered cysteine substitution
pairs at the three CA-CA intermolecular interfaces in the viral capsid can yield disulfide
crosslinks, resulting in CA oligomers that can be detected by SDS-PAGE. To test the
effects of incorporation of uncleaved MA-CA protein on CA-CA crosslinking at each
interface, | cotransfected MA-CA proviral plasmid with proviral plasmids encoding for
appropriate Cys-substituted proteins and analyzed the mixed particles by non-reducing
SDS-PAGE and immunoblotting. As previously demonstrated, substitution of Cys for
codons A14 and E45 results in spontaneous disulfide crosslinks at the NTD-NTD
intrahexameric interface, resulting in a ladder of disulfide-stabilized CA oligomers up to
hexamers (174). | observed efficient formation of these CA forms in particles containing
various quantities of uncleaved MA-CA protein (Fig. 2-4A, lanes 1-5). Uncleaved MA-
CA inclusion quantitatively reduced the crosslinking to an extent that paralleled what
was observed upon cotransfection of the A14C/E45C construct with wild type plasmid,
consistent with a dilution effect (Fig. 2-4A, lanes 8-12). | attributed the approximately 41
kDa band observed in lane 8 in Fig. 2-4A to spillover of sample from lane 7 during
loading. In replicates of this experiment, that band was not observed in this sample.

Similar to the NTD-NTD intrahexameric crosslinks formed by Cys substitutions at
CA codons 14 and 45, substitutions of Cys for M68 and E212 result in intrahexameric
crosslinks at the NTD-CTD interface (89), also resulting in a ladder of CA oligomers up

to hexamer. As observed for NTD-NTD crosslinking, the pattern was not detectably

35



altered by uncleaved MA-CA incorporation into particles (Fig. 2-4B, compare lanes 1-4
with 8-11). These data suggest that uncleaved MA-CA protein does not prohibit CA-CA
contact at the intrahexameric interfaces in virions.

In the HIV-1 capsid, hexamers interact to form a three-fold interface stabilized by
specific amino acid side chains in the C-terminal domains of CA subunits. | probed the
formation of the three-fold interface by two types of engineered disulfide bonds. First, |
analyzed crosslinking resulting from a single Cys substitution at position A204 (175),
which results in formation of a CA-CA dimer. As observed in Fig. 2-4C, formation of the
dimer was not detectably affected by incorporation of uncleaved MA-CA. Secondly, |
observed that crosslinked CA dimer and trimer species resulting from Cys substitutions
at CA positions 207 and 216 (86) were not detectably altered in particles containing
uncleaved MA-CA (Fig. 2-4D, lanes 1-3 vs. 6-8). Collectively, the crosslinking results
suggest that MA-CA does not detectably perturb CA-CA intersubunit interfaces during
capsid assembly, and that the capsids in MA-CA mixed particles, despite their

morphologically altered phenotype, assemble into a hexameric lattice.
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Figure 2-4. Incorporation Of Uncleaved MA-CA Protein Does Not Interfere With CA

Hexamer Assembly In Virions.

HIV-1 plasmids encoding mutations in CA were

cotransfected with MA-CA plasmid or wild type R9 plasmid DNA. Particles were pelleted,
and 200 ng p24 of each viral lysate was analyzed by SDS-PAGE, under non-reducing

conditions, and immunoblotted with antiserum specific for CA.

(A) A14C/E45C, (B)

M68C/E212C, (C) A204C, (D) P207C/T216C. Shown are the results of one of three
independent experiments, all of which produced similar outcomes.
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Uncleaved MA-CA Protein Associates With Stable HIV-1 Cores

Mutations in CA that stabilize or destabilize the viral capsid often result in poorly
infectious particles (46, 86, 175, 176). Lee et al. previously reported that particles
containing uncleaved MA-CA protein are impaired for reverse transcription in target
cells. Because mutations that destabilize the HIV-1 capsid often result in impaired
reverse transcription in target cells, | hypothesized that uncleaved MA-CA destabilizes
the viral capsid. To test this, | isolated and analyzed cores from particles containing
uncleaved MA-CA. Following centrifugation of concentrated particles through a layer of
nonionic detergent, density gradient fractions were collected, and HIV-1 proteins and
viral RNA were analyzed (177). ELISA quantification of the CA in each fraction
revealed elevated levels of core-associated CA in MA-CA mixed particles vs. the wild
type (Fig. 2-5A). However, the p24 ELISA can detect both CA and MA-CA proteins,
thus the CA detected in mixed particles may represent the sum quantities of these two
proteins. To determine if uncleaved MA-CA incorporation specifically alters the level of
core-associated CA, | concentrated the proteins in the gradient fractions by precipitation
with TCA, separated the proteins by SDS-PAGE, and detected individual viral proteins
CA, MA, IN, RT, NC, and, where appropriate, MA-CA by immunoblotting (Fig. 2-5B).
Additionally, | quantified viral RNA by RT-gPCR (Fig. 2-5C). | also quantified the levels
of CA species in each fraction of the gradients with a Li-COR Odyssey imager and
calculated the amount of core-associated CA as a percentage of the entire gradient.
The core-containing fractions were identified based on the presence of the known core-
associated proteins IN, NC, and RT as well as viral RNA. While there was a small trend

toward an elevated level of core-associated CA in MA-CA mixed particles vs. the wild
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type, the difference was not statistically significant (Fig. 2-5D). Because mutant
particles with unstable capsids display a distinct reduction in core-associated CA (176),
my data suggest that uncleaved MA-CA incorporation does not reduce the intrinsic
stability of the capsid. Particles bearing only uncleaved MA-CA exhibited high levels of
MA-CA cosedimentation following detergent treatment (Fig. 2-5B, lower right blot, and
D), consistent with a previous report (178), which suggests that the fully MA-CA core is
hyperstable. | also observed that uncleaved MA-CA cosedimented with other core-
associated components: CA, NC, RT, IN, and viral RNA (Fig. 2-5B and C), further
indicating that MA-CA coassembles with CA in particles. Additionally, | observed a
small but statistically significant shift in peak CA density in MA-CA mixed particles, with
the peak of cores from particles produced with 20% MA-CA plasmid at a density of 1.19
g/ml, which was lower than the density of the control wild type cores (1.22 g/ml) (Fig. 2-
5E). The density shift was not associated with an obvious change in protein

composition or RNA levels (Fig. 2-5B, C).
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Figure 2-5. Uncleaved MA-CA Protein Associates With Stable Cores. Wild type
control and MA-CA protein containing particles were concentrated, and the cores were
isolated by sedimentation through a layer of Triton X-100 into a sucrose gradient.
Fractions were collected from the top of the gradient (Fraction 1) and assayed for CA
concentration by p24 ELISA (Panel A). The refractive index for each fraction was used
to determine the solution density. The results shown are representative of six
independent experiments. (B) Immunoblotting analysis of fractions from wild type and
MA-CA mixed particles. The proteins present in each fraction were concentrated and
analyzed by SDS-PAGE, immunoblotted with antisera specific for CA, IN, NC, RT, and
MA. As a reference, samples (500 ng p24) of the corresponding pelleted virions were
analyzed: * WT viral lysate; # MA-CA-containing particles from each corresponding
transfection. The numbering corresponds to the sequential fractions as shown in panel
A. The immunoblots shown are representative of three to six independent experiments.
(C) Quantification of HIV-1 RNA in the corresponding fractions. RNA was extracted and
quantified by RT-qPCR, and quantification performed using HIV-1 plasmid DNA as
standards. Shown are the mean values of duplicate measurements from one of two
independent experiments, with error bars representing one standard deviation. (D)
Immunoblot quantification of core-associated CA. Bars represent mean values from 3 to
6 independent experiments. Significance as analyzed by unpaired t-test: N.S., not
significant; ****, p<0.0001. (E) Mean density of the peak core-associated CA gradient
fraction. The fraction containing the peak core-associated CA was identified from CA
band quantification as in (D). Shown are mean values from 3 to 6 independent
determinations, with error bars representing one standard deviation. *: p<0.05 by
unpaired t-test.
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Although the biochemical analyses suggested that incorporation of uncleaved
MA-CA does not destabilize the viral capsid, | also sought to determine whether the
particles undergo premature uncoating in target cells. To do this, | exploited the well-
known property of the host restriction factor TRIMCyp. TRIMCyp, expressed in cells of
some nonhuman primate species, inhibits infection at early post-entry stages by binding
to the viral capsid (179, 180). Restriction can be saturated by high virus doses (181-
184) and can be abrogated by co-inoculation with noninfectious particles in trans, so
long as the particles are competent for cell entry and contain stable capsids that can be
recognized by the restriction factor. Therefore, the ability of a mutant virus to abrogate
restriction by TRIMCyp in trans provides a useful assay for capsid stability in target cells
(182, 185). To determine if HIV-1 particles containing uncleaved MA-CA protein can
abrogate TRIMCyp restriction, | inoculated OMK cells with titrations of VSV-G
pseudotyped, mixed viruses together with a fixed, subsaturating quantity of an HIV-GFP
reporter virus and monitored infectivity by analyzing GFP expression by flow cytometry.
Although particles composed of 100% MA-CA were unable to overcome restriction,
consistent with a previous report (182), | observed that particles containing lower
amounts of uncleaved MA-CA efficiently promoted infection by the reporter virus (Fig. 2-
6A). | did observe a slight reduction in abrogation activity at the highest doses of the
inocula, suggestive of a saturation effect. Collectively, the results from my biochemical
and TRIMCyp abrogation assays indicate that HIV-1 particles containing uncleaved MA-
CA contain stable capsids. Because TRIMCyp recognizes a hexameric lattice (182,

185), these results further indicate that uncleaved MA-CA does not inhibit hexamer
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lattice assembly, consistent with my intersubunit crosslinking data (Fig. 2-4) and in vitro
assembly data (Fig. 2-3C).

Because VSV-G pseudotyping changes particle entry from fusion to endocytosis
(186), | also performed a control experiment to determine if pseudotyping by VSV-G
alters the antiviral potency of uncleaved MA-CA incorporation. | observed that
uncleaved MA-CA reduced the infectivity of the pseudotyped particles; however, at low
MA-CA plasmid doses, the inhibition was approximately 50% less potent than exhibited
by non-pseudotyped HIV-1 particles (Fig. 2-6B). Immunoblotting of the particles showed
comparable levels of MA-CA protein in pseudotyped and control particles, suggesting
that the difference in antiviral susceptibility is not a consequence of altered MA-CA
incorporation (Fig. 2-6C). Importantly, the pseudotyped particles produced from 20%

MA-CA plasmid cotransfection remained markedly inhibited for infectivity (Fig. 2-6B).
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Figure 2-6. Incorporation Of Uncleaved MA-CA Protein Does Not Inhibit The Ability
Of HIV-1 Particles To Abrogate Restriction By TRIMCyp In Target Cells. (A) Wild
type (pNL4-3 AE (VSV)) and MA-CA mixed particles were coinfected with the reporter
virus HIV-GFP (VSV) (2 ng of p24) in Owl Monkey Kidney cells. WT and mixed particles
were titrated at the amounts shown. Single-cycle infection was monitored by GFP
expression, analyzed by flow cytometry. Shown is a representative of four independent
experiments with similar outcomes. Error bars represent standard deviations of technical
triplicates. (B) Relative infectivity values of the pseudotyped viruses shown in panel A
assayed in parallel with nonpseudotyped HIV-1 particles containing the same proportions
of uncleaved MA-CA protein. Shown are the mean values from 5 independent
experiments. Error bars represent standard deviations. Significance as analyzed by
unpaired t-test: **, p<0.01; ***, p<0.001. (C) Immunoblotting analysis of pelleted particles,
probed with antiserum specific for CA. Samples containing 200 ng of p24 were analyzed.
Shown are representative results from one of three independent experiments which
exhibited similar outcomes.
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Uncleaved MA-CA Impairs Nuclear Entry

| next sought to identify the precise stage in the viral lifecycle at which uncleaved
MA-CA impairs infectivity. | started by quantifying virus-cell fusion with the BlaM-Vpr
reporter assay. In this approach, reporter viruses were titrated on TZM-bl cells
supplemented with CCF4-AM, and fluorescence was measured 16 h after inoculation. |
observed efficient fusion of viruses produced from MA-CA plasmid cotransfection,
including particles containing only MA-CA (Fig. 2-7A and 2-7B). Immunoblotting of
pelleted particles demonstrated that the viruses contained similar quantities of the BlaM-
Vpr reporter protein (Fig. 2-7C). | conclude that HIV-1 particles containing uncleaved
MA-CA protein are not impaired for fusion with target cells.

| next monitored the effects of MA-CA incorporation on post-fusion steps of
infection, including reverse transcription and nuclear entry. Lee and coworkers
previously observed impaired reverse transcription with particles containing uncleaved
MA-CA, suggesting that the inhibitory protein results in an early defect in infection. |
performed a similar experiment but employed quantitative PCR to more precisely
quantify the levels of HIV-1 DNA produced in cells during infection. To minimize
background PCR signals resulting from the integrated LTR reporter construct present in
TZM-bl cells (187), | employed Hela-CD4" cells that lack endogenous HIV-1 sequences.
In control experiments, | observed that the Hela-CD4" cell line exhibited comparable
susceptibility to HIV-1 infection as TZM-bl. Following HIV-1 inoculation of the cells, |
quantified the formation of late reverse transcription and 2-LTR circle DNA products
(Fig. 2-7D). | observed no significant reduction in late reverse transcripts in cells

infected by particles produced from 5 to 10% MA-CA plasmid cotransfection, and a
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small but statistically significant reduction with particles produced from 20% MA-CA
plasmid cotransfection. In contrast, particles containing only the uncleaved MA-CA
protein were completely inactive for reverse transcription. These results suggest that
the major antiviral effect of incorporation of uncleaved MA-CA into HIV-1 particles is
manifested at a stage following reverse transcription.

Non-integrated HIV-1 2-LTR circle DNA is formed following HIV-1 entry into the
cell nucleus; therefore, | quantified 2-LTR circles as an indicator of the efficiency of HIV-
1 nuclear entry. | observed significant reductions of 2-LTR circle DNA in cells infected
with MA-CA mixed particles (Fig. 2-7D). The magnitude of the observed reduction
appeared to parallel the infectivity impairment at low levels of MA-CA plasmid
cotransfection, with a discrepancy noted at 20% MA-CA plasmid cotransfection:
infectivity was impaired by 99%, while nuclear entry was impaired by only 76%.
Therefore, while MA-CA mixed particles exhibit a substantial impairment at nuclear

entry, there may be an additional effect at a subsequent step, such as integration.
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Figure 2-7. MA-CA Mixed Particles Exhibit Impaired Nuclear Entry. (A) Wild-type
and MA-CA-containing particles were assayed for fusion with TZM-bl target cells in the
BlaM-Vpr reporter assay. The graph shows representative results from one of three
independent experiments. (B) Shown are the mean blue/green fluorescence ratios (from
assays employing 10 ng of p24) from three independent experiments. Error bars
represent standard deviations. N.S.: not significant; *: p<0.05 as determined by unpaired
t-test. (C) Immunoblot analysis of pelleted particles for CA and BlaM proteins. “WT-”
refers to HIV-1 not containing the BlaM-Vpr protein. AE refers to the Env-deficient HIV-1
mutant particles. (D) Infectivity, reverse transcription, and nuclear entry of viruses
containing uncleaved MA-CA protein. Infectivity was determined by titration on TZM-bl
cells and quantification of relative luciferase activity (solid bars). Particles were assayed
for synthesis of second-strand transfer DNA (checkered bars) and 2-LTR circle DNA
(open bars) 8 h and 24 h post infection of HeLa-CD4" cells, respectively, by quantitative
PCR. Shown are the mean values from 4 independent experiments with copy numbers
normalized to that of wild type; error bars represent one standard deviation. N.S.: not-
significant; *: p< 0.05; **: p<0.01 as determined by single-sample t-test with a hypothetical
mean of 100.

48



Uncleaved MA-CA Affects Integration Targeting

As discussed in Chapter 1, CA and CA-host factor interactions have been
implicated in integration efficiency and integration targeting in several HIV-1 studies (53,
57, 59, 115, 188-191). To determine whether MA-CA affects HIV-1 integration
targeting, | again collaborated with Alan Engelman’s lab. Their original integration site
sequencing platform amplified viral-host DNA junctions for lllumina sequencing using
primers specific to the viral U5 region (189, 192). To enable site sequencing in cells with
pre-existing HIV-1 LTR sequences, such as HelLa-P4 (193), they modified the U3 region
of pNLX.Luc.R-.AAvrll (188) to harbor a heterologous 33 bp sequence derived from the
U3 region of equine infectious anemia virus (EIAV) 38 nucleotides in from the HIV-1
terminus after reverse transcription . The resulting NLX.Luc.R-U3-tag virus supported
infection at a level that was virtually indistinguishable from the parental NLX.Luc.R-
strain. Integration sites determined using genomic DNA isolated 5 d after infection
moreover revealed the expected pattern of HIV-1 integration targeting with respect to
several genomic annotations including transcription units and local gene density
surrounding the integration sites.

To test for possible effects of MA-CA on integration targeting, | cotransfected
pNLX.Luc.R-U3-tag with pNL4-3 MA-CA plasmid and inoculated Hela-P4 cells with the
resulting 5% MA-CA and 20% MA-CA mixed particles. Four days post inoculation,
cellular DNA was extracted and sheared by restriction endonuclease digestion, and
sites of HIV-1 integration were mapped to the human genome. To control for possible
dilution effects on the tagged provirus, we performed analyses with viruses produced by

cotransfection with parallel quantities of the wild type (i.e. untagged) pNL4-3 plasmid.
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While 4,495 unique integration sites were mapped for control viruses that lacked added
MA-CA sequences, the lower infectivities of 5% and 20% MA-CA viruses (Fig. 2-1A)
reduced the recovery of respective integration sites to 1,094 and 205, respectively
(Table 2-1). Whereas 81.3% of WT HIV-1 integrations in this experiment mapped to
genes, gene-targeting was diminished to ~77% of integrations for both 5% and 20%
MA-CA, which was a significant difference for the 5% MA-CA virus (p = 0.004). The
frequencies at which transcriptional start sites (TSSs) and associated CpG islands were
targeted did not vary significantly across the different virus preparations. By contrast,
targeting of gene dense regions of chromosomes was significantly affected. While WT
on average targeted megabase (Mb) regions that harbored 21.5 genes, MA-CA viruses
selected for regions that on average harbored 18.6 genes (p = 3.6 x 102 and 1.7 x 10
for 5% and 20% MA-CA, respectively). These changes were associated with upticks in
targeting of heterochromatic lamina-associated domains (LADs) from 17.2% for the WT
t0 22.9% (p = 1.9 x 10°) and 22.4% (p = 0.055) for 5% and 20% MA-CA, respectively
(Table 2-1). Expectedly, we did not observe significant changes in integration targeting
in cells infected with the corresponding viruses that controlled for total DNA content
during transfection. These results demonstrate that inclusion of uncleaved MA-CA
protein in HIV-1 particles results in a decrease in infection, and that the residual level of

infection is associated with altered sites of integration within the host genome.
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Table 2-1

. Effects Of Uncleaved MA-CA On HIV-1 Integration Site Preferences

Library Unique Within Refseq Within 5 kb Within 5 kb (+/-  Within 5 kb Average gene density
Sites genes (%)? (+/- 2.5kb) of 2.5 kb) CpG (+/- 2.5 kb) within 1 Mb (+/- 0.5 Mb)
TSS (%)? island (%)? LAD (%)? of integration sites®
WT 4,495 3,653 (81.3) 222 (4.9) 276 (6.1) 774 (17.2) 21.5
5% MA-CA 1,094 846 (77.3)° 51 (4.7)° 56 (5.1)° 251 (22.9) 18.6"
plasmid
20% MA-CA 205 157 (76.6)¢ 11 (5.4) 14 (6.8)" 46 (22.4) 18.6'
plasmid
RIC™ 31,846 14,807 (46.5) 1,710 (5.4) 1,932 (6.1) 13,916 (43.7) 9.5

@Statistical comparisons performed by Fisher’s exact test.
bStatistical comparisons performed by Wilcoxon rank-sum test

°p value vs. WT, 3.79 x 107

dp value vs
°p value vs

fo value vs.

9p value vs
fp value vs
o value vs.
Ip value vs.
ko value vs
'o value vs.

"Random Integration Control

. WT, 1.87 x 10"
.WT, 7.55 x 10"
WT, 8.27 x 10™
.WT, 2.25x 10"
.WT, 9.22x 10"
WT, 1.90 x 10
WT, 5.49 x 102

. WT, 3.58 x 10"

WT, 1.65 x 10*

Integration sequencing and data analysis were performed by Parmit Singh in Alan
Engelman’s lab.
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Genetic Determinants For MA-CA Transdominance

| sought to identify genetic determinants in Gag that are required for MA-CA
transdominance to further define its antiviral mechanism. Based on the eccentric
morphology of MA-CA containing particles, Lee and coworkers suggested that the MA
domain of MA-CA anchors the core to the viral membrane during assembly owing to its
membrane-binding activity (150). The Gag polyprotein is myristoylated, which promotes
membrane association and is necessary for particle formation (61, 62). Membrane
association of Gag also involves electrostatic interactions of N-terminal basic residues
in the MA region with acidic phospholipids in the cell membrane (63). Therefore, it is
plausible that MA-CA-induced membrane tethering requires one or both of the
membrane binding elements in MA. To test this, | created and tested MA-CA plasmids
lacking either or both elements. The protein changes included the N-terminal G2A
substitution in MA, which prevents myristoylation of Gag, and two large internal
deletions in MA that remove the N-terminal basic patch and are compatible with particle
assembly: A8-126 and A8-87 (194). | observed that HIV-1 particles containing
uncleaved MA-CA proteins lacking these regions were as impaired for infection as those
containing the full-length uncleaved MA-CA protein, across the range of cotransfections
(Fig. 2-8A). Therefore, the majority of the coding region of MA, including the N-terminal
basic patch (KKQYKLKH), is not required for MA-CA antiviral activity.

To test whether myristoylation of Gag is required, | assayed the infectivity of
HIV-1 particles generated by cotransfection of wild type and the myristoylation-defective
MA-CA (MA-CA G2A) proviral constructs. The resulting mixed particles were as

impaired for infection as those containing the uncleaved MA-CA protein (Fig. 2-8B).
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Strong inhibition by the MA-CA G2A construct required the Y132l substitution, as the
construct encoding only the G2A substitution was only mildly inhibitory, as previously
reported (150). These results indicate that myristoylation of the MA-CA protein is not
necessary for its antiviral effect.

Finally, to test the requirement of both membrane-binding elements in MA for
MA-CA transdominance, | generated mixed particles with wild type and A8-126 MA-CA
G2A and A8-87 MA-CA G2A constructs. While both non-myristoylated deletion
constructs inhibited HIV-1 infectivity, the antiviral potency was 3 to 20-fold less than that
of full-length MA-CA (Fig. 2-8C). The A8-87 MA-CA G2A protein was incorporated into
particles at MA-CA:CA ratios similar to that of full-length MA-CA (Fig. 2-8D). The A8-
126 MA-CA G2A protein was also incorporated into particles. However, removal of the
8-126 region from the uncleaved MA-CA protein resulted in a protein that | was unable
to resolve from CA by SDS-PAGE. Collectively, these results indicate that at least one
membrane-binding element of MA is necessary for the antiviral potency of uncleaved
MA-CA.

Experiments involving cotransfections of two highly similar plasmids could be
affected by host cell-mediated DNA recombination (195). In principle, recombination
between the wild type and MA-CA G2A plasmid DNAs could result in segregation of the
G2A and Y132l substitutions, potentially confounding the interpretation of the results
shown in Figure 2-8. To determine if recombination was a significant factor in my
genetic studies, | cotransfected the MA-CA plasmid with a plasmid encoding
substitutions (L3631/M3671/M377V) that inhibit cleavage between CA and NC (CA-NC)

(196). In this assay, | cotransfected the plasmids at a 1:1 ratio to maximize the

53



probability of recombination. If recombination occurred within the CA-coding region of
the plasmids, it would result in a DNA molecule harboring all four mutations, resulting in
particles containing a 48 kDa MA-NC protein. Immunoblotting analysis showed that
particles resulting from the cotransfection contained only trace amounts of a band
corresponding to uncleaved MA-NC. Similar quantities of this band were observed in
particles produced by transfection of either the MA-CA or the CA-NC plasmid alone,
suggesting that it did not result from recombination (Fig. 2-8E). These results suggest
that DNA recombination in my cotransfection experiments was inefficient and therefore
did not result in significant expression of uncleaved MA-CA protein that could be

myristoylated.
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Figure 2-8. MA-CA Antiviral Potency Requires Membrane-Binding Elements In Gag.
(A-C) Wild type plasmid DNA was cotransfected with MA-CA plasmids encoding the
indicated substitutions or deletions in MA. Infectivity is shown relative to the control virus
(0% Mutant Construct). Shown are the mean values of 3 to 6 independent experiments.
Error bars represent standard deviations. *: p<0.05; **: p<0.01; ***: p<0.001 as
determined by unpaired t-test. (D) CA immunoblot of mutant particles shown in panels A
and C. (E) CAimmunoblot of the mutant particles produced by transfection with plasmids
encoding substitutions preventing cleavage at MA-CA or CA-NC junctions. “50/50”
designates particles produced by cotransfection of equal quantities of the MA-CA and
CA-NC mutant constructs. Lanes 4-8 contain dilutions of mutant particles produced by
transfection of an HIV-1 plasmid encoding both MA-CA and CA-NC substitutions,
resulting in production of an uncleaved Gag protein extending from MA through NC.

55



Discussion

In this study, | employed biochemical and cell-based assays to further define the
mechanism by which a substoichiometric amount of uncleaved MA-CA protein potently
interferes with HIV-1 infectivity. Using a disulfide crosslinking approach and in vitro
immunoprecipitation, | obtained evidence for coassembly between CA and MA-CA in
particles, and | observed cosedimentation of MA-CA protein with the genome and core
proteins. | also showed that uncleaved MA-CA inhibits infection at nuclear entry and
alters integration targeting. Finally, | showed that removal of both of the membrane-
binding elements of MA reduced the antiviral potency of uncleaved MA-CA.

Post entry events in the HIV-1 lifecycle include reverse transcription, uncoating,
intracellular transport, entry into the nucleus, and integration into host chromatin. The
role of the capsid during all of these stages has been the subject of numerous studies
(for reviews, see (28, 34, 35, 41, 197)). However, a well-defined model of the spatial
and temporal aspects of uncoating has yet to emerge. Several genetic studies have
coupled the intrinsic stability of the capsid to reverse transcription, nuclear entry, and
infectivity (46, 53, 56, 58, 102, 176, 198, 199). The phenotypes | observed in particles
containing uncleaved MA-CA protein suggest that coassembly with CA does not reduce
the stability of the capsid: such particles exhibited normal levels of core-associated CA,
near wild-type levels of late reverse transcription products, and they importantly retained
the ability to abrogate restriction by TRIMCyp (176, 182, 185), which requires a stable
capsid. However, my results do not preclude the possibility that uncleaved MA-CA
hyperstabilizes the capsid lattice, potentially resulting in hyperstable cores that undergo

delayed uncoating in target cells. This hypothesis is consistent with reports that CA
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substitutions that hyperstabilize the capsid generally result in infection defects
manifested after reverse transcription (46, 53).

Both nuclear entry and integration targeting are affected by capsid binding to
host cell factors (for reviews, see (28, 34, 35, 41, 197)), and incorporation of uncleaved
MA-CA into the assembling viral capsid may affect these interactions, potentially
accounting for our observation that these particles were impaired at nuclear entry and
exhibited altered integration targeting. Our experiments showed that inclusion of MA-
CA marginally decreased integration into genes and gene dense areas of the host
chromatin and increased integration near heterochromatic LAD regions. While 5% MA-
CA viruses scored significantly different from the WT virus across these metrics, |
suspect that 20% MA-CA viral infections failed to attain statistical significance for genes
and LAD regions due to the comparatively fewer number of integration sites recovered
(Table 2-1). The MA-CA viral phenotype is reminiscent of what occurs with WT virus
when host factors Nup153 (188, 200) or Nup358 (190) are depleted from target cells. In
both cases, a primary effect is observed at the step of nuclear import (104, 201), which
is accompanied by significant integration retargeting away from gene dense chromatin
regions (188, 190, 200). This basic phenotype is also observed upon restriction of WT
virus by the antiviral protein MxB (189). Although MxB is unlikely to be expressed at
inhibitory levels under the conditions of viral infection used herein, recent reports have
implicated components of the cellular nuclear import machinery in the mechanism of
MxB antiviral activity (55, 202). Therefore, | propose that analysis of the effects of MA-

CA coassembly on Nup153 and Nup358 binding to CA in vitro or in cells, in the
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presence or absence of MxB, may help to inform the molecular mechanism of altered
MA-CA integration site targeting observed here.

The eccentric particle morphology defect associated with MA-CA-containing
virions is reminiscent of the morphology defect caused by exposing HIV-1-producer
cells to ALLINIs or by class Il IN mutations (161-168). Despite this similarity, the
resulting viral phenotypes appear to be distinct. While the IN-perturbed viruses are
defective for reverse transcription (161-168) due to the uncoupling of the vRNP from the
capsid shell (203, 204), defective virus that harbored 20% MA-CA was largely
competent for reverse transcription (Fig. 2-7D). Possibly, the proposed tethering of MA-
CA to the viral membrane (150) helps to stave off rapid loss of the vRNP after virus
entry, allowing reverse transcription to proceed largely unfettered. Indeed, my genetic
studies revealed a dependence on membrane-binding elements in MA for the antiviral
potency of uncleaved MA-CA. Coupled with my observation that MA-CA coassembles
with CA and is present in the viral core, | suggest that the core structure remains
attached to cellular membranes after virus entry, which could impede its trafficking to
the nucleus. | speculate that, upon completion of reverse transcription, the PIC
dissociates from the cellular membranes whereby the MA-CA component of the PIC
then interferes with CA-Nup interactions, obstructing nuclear entry and integration
targeting. | accordingly suggest that membrane tethering of the core and interference
with capsid-Nup interactions both contribute to the unique antiviral activity of core-
associated MA-CA. Testing the membrane-tethering hypothesis represents an
interesting future direction that will require developing appropriate cell fractionation

and/or live-cell imaging techniques.
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My observation that pseudotyping by VSV-G reduces the antiviral potency of
uncleaved MA-CA supports the notion for the involvement of the target cell membrane
in the antiviral mechanism. Pseudotyping by VSV-G targets HIV-1 entry to an endocytic
route that requires exposure to the low endosomal pH for membrane fusion to be
activated (186). Endocytic entry may reduce the inhibition by promoting endosomal
transport of the virus within the cell prior to fusion. Additionally, exposure to the low pH
of the endosome could facilitate membrane detachment and/or capsid disassembly
events required for infection. | suspect that persistent membrane association may also
provide a possible explanation for the reduced density of peak CA observed in cores
isolated from particles containing uncleaved MA-CA protein (Fig. 5E). A strong
association of uncleaved MA-CA protein with the viral membrane could result in
retention of lipids despite the exposure to detergent during isolation of the cores,
potentially reducing the density of the isolated cores (178). Another possible explanation
for the altered density of MA-CA-containing cores is the apparent dissociation of the
VRNP from the capsid shell in eccentric viral particles (Fig. 1C). HIV-1 produced in the
presence of ALLINIs, and class Il IN mutant viruses, both harbor similar morphological
defects and exhibit similar changes in core density (161, 204). Cryo-ET analysis of MA-
CA-containing virions may help to delineate aspects of the eccentric particle phenotype
that differ from those induced by class Il IN mutations or ALLINI exposure, the latter of
which instill dramatic reverse transcription defects.

Immature HIV-1 particles reportedly contain 2,400 Gag molecules (205), while
the mature capsid is comprised of approximately 1,500 CA subunits (67). Thus,

proteolytic maturation results in an excess of CA molecules that are not incorporated
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into the mature capsid. Given the surplus of Gag subunits in particles, the
approximately 480 subunits of uncleaved MA-CA present in a 20% mixed particle
represents a fraction of subunits that presumably is unnecessary for a mature capsid to
form. Therefore, it is conceivable that the small amounts of uncleaved MA-CA protein
present in mixed particles are not incorporated into the mature capsid structure,
affecting the core in trans through random incorporation, possibly by interfering with
normal CA functions. Nonetheless, my cross-linking analysis, in vitro binding reactions,
and biochemical characterization of isolated cores provide evidence that uncleaved
MA-CA coassembles with CA. One possible consequence of MA-CA coassembly with
CA into the capsid is disruption of the intermolecular interfaces that construct the
mature CA lattice, possibly explaining the morphological assembly defect observed by
us and others (150). In a previous study, our lab observed that the HIV-1 CA-binding
small molecule Bl compound 1 induces aberrant crosslinks at the CTD-CTD three-fold
axis in particles capable of disulfide crosslinking (206). By contrast, | did not observe a
similar effect of MA-CA capable of the same crosslinking. Additionally, while canonical
recombinant 14C/45C CA tubes were not observed when coassembled with MA-CA,
hexamer formation was not prohibited. My results suggest that while MA-CA induces
morphological assembly defects, the capsids in particles containing uncleaved MA-CA
protein are hexameric lattices. This interpretation is also supported by my observation
that the particles abrogate restriction by TRIMCyp (182, 185). Nonetheless, a
hexameric lattice is not sufficient for a closed capsid structure, which requires inclusion
of 12 CA pentamers, which | was unable to test using the engineered disulfide

crosslinking approach. It is possible that uncleaved MA-CA incorporation affects the

60



pentamer structure and intersubunit contacts. Testing this hypothesis will require a
novel approach.

Recently, the host small molecule inositol hexakisphosphate (IP6) has been
shown to bind both immature Gag and mature CA hexamers during the assembly of
each lattice (207-210). Because cleavage at the MA-CA junction is required for 3-
hairpin formation, incorporation of MA-CA into the CA lattice may inhibit IP6 binding to
the hexamer and undermine its potential effects, including modulation of capsid stability
and binding of host proteins.

In summary, | have shown that a small quantity of uncleaved MA-CA protein can
coassemble with CA during HIV-1 maturation, and that incorporation of uncleaved MA-
CA inhibits HIV-1 nuclear entry and affects integration site targeting. Particles
containing uncleaved MA-CA exhibit aberrant morphology but have stable capsids and
are competent for reverse transcription in target cells. | propose that inclusion of MA-
CA in the mature capsid lattice alters capsid-host factor interactions necessary for HIV-1
nuclear import and integration targeting, and that impaired nuclear entry is also
exacerbated by tethering to cellular membranes. Accumulation of uncleaved MA-CA
may account, at least in part, for the marked reduction in HIV-1 infectivity observed

under conditions of partial inhibition of the viral protease (157).
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Chapter 3

The Requirement For Target Cell EF1A In HIV-1 Infection Depends On The

Viral Env Protein

Introduction

HIV-1 infection is dependent on the biology of its capsid protein. CA monomers
form hexameric and pentameric polyproteins, which then assemble into a fullerene
cone-shaped container called the capsid. The capsid encases the two copies of the
viral RNA genome, viral enzymes, and host proteins. After entry into the host cell, the
capsid undergoes a disassembly process, termed uncoating, whereby CA subunits
dissociate from the capsid. In addition to uncoating, the events of reverse transcription,
nuclear entry, and integration of viral DNA into host chromatin complete the early
replication events. CA mutational studies have revealed that capsid intrinsic stability,
and thus the uncoating kinetics of the capsid, have direct impacts on the efficiency of
infection (42-45, 49), and extensive research has revealed that CA is a determinant of
every stage during early replication. While the timing and location of uncoating and
reverse transcription have not been agreed upon, growing evidence suggests the two
occur together (47, 50, 211) and that host factors are necessary for their efficiencies
(125, 131, 212-215). Likewise, CA has also been identified as a determinant of nuclear
entry, not only due to its structural integrity (53, 58, 216, 217), but also its ability to
interact with host proteins (56, 57, 103, 218-220). Finally, integration also maps

genetically to CA (102, 221-225) as well as its ability to interact with host proteins (106,
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110, 226-228). The common factor during each replication stage is CA’s interaction
with host factors. Thus, understanding the roles of the various CA-host factor
interactions is required to fully understand HIV-1 biology.

Given its significant roles during early HIV-1 replication, CA and the capsid have
been the subject of numerous drug-development campaigns. Several compounds have
been identified to bind to the capsid and impair infection at early and late stages (229-
234); however, none currently has sufficient potency for therapeutic use. Despite the
lack of clinical applicability, these compounds have served useful roles in elucidating
capsid functions. One such compound, PF74, has been the focus of numerous studies.
PF74 appears to affect the capsid in multiple different ways. At high concentrations (10
MM), PF74 blocks reverse transcription in target cells by inducing premature uncoating
(235), while at lower concentrations (2 yM), PF74 impairs nuclear entry of the PIC
(236). Unlike the PF74-induced capsid disassembly that occurs in target cells (235),
PF74 actually promotes assembly of recombinant CA tubes in vitro (229). PF74 binds
to an intrahexameric pocket formed between the NTD and CTD of neighboring CA
subunits (105, 229, 237, 238), which is also the binding site of the host proteins CPSF6
and Nup153. Experiments have demonstrated that PF74, and another small molecule,
Bl-2, can compete with CPSF6 and Nup153 for binding (105, 239), and genetic studies
have revealed a mutant virus that is resistant to PF74’s antiviral activity but displays
altered dependence on CPSF6, Nup153, and TNPO3 (240). PF74 has thus been a
useful tool to understand host factor requirements for HIV-1 replication.

Upon joining the Aiken Lab, | focused on investigating capsid-host factor

interactions. My goal was to identify novel host proteins that bound to assembled CA in
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the presence or absence of PF74. A previous graduate student in the lab, Mallori
Burse, had developed an in vitro binding assay using cell extracts and assemblies of
recombinant CA (122). Recombinant CA forms long, hollow tube structures under high
salt conditions that can be stabilized via disulfide crosslinks when CA harbors Cys
substitutions at residues A14 and E45 (241). Disulfide-crosslinked CA tubes are more
stable than WT CA tubes or native capsids and can serve as a suitable analogue for
experiments involving host protein binding. To identify host proteins capable of binding
CA tubes, | incubated 125 pg of HelLa P4 cytoplasmic extracts with 12 ug of CA
assembled under high salt conditions. | then pelleted the binding reactions and
separated the proteins by SDS-PAGE. Colloidal Coomassie-stained gels were
submitted to Hayes McDonald at the Vanderbilt Mass Spectrometry Research Center
for Multidimensional Protein Identification Technology (MuDPIT) analysis. A total of 714
proteins were identified in the binding reactions. One of the most abundant proteins
present was elongation factor 1 A (EF1A). Interestingly, when PF74 was present in the
binding reaction, the amount of EF1A that pelleted with CA was reduced 4-fold (p
<0.0001). | observed that CPSF6 was also reduced nearly four-fold in binding reactions
when PF74 was present (p =0.0013), suggesting that PF74 was able to bind to the
assembled CA and compete for binding with a known host factor. For the first few years
of my graduate work, | focused on the EF1A-CA interaction and on determining if EF1A
is required for HIV-1 infection.

EF1A’s canonical role in the cell is to enhance translation elongation by
catalyzing the delivery of aminoacyl-tRNA to the ribosome (242). Following the delivery

of aa-tRNA and subsequent hydrolysis of its bound GTP to GDP, EF1A depends on the
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guanine exchange factor EF1B complex to catalyze the exchange back to GTP, where it
can then bind aa-tRNA and the repeat the process (243). In addition to its role during
translation, EF1A also occupies a myriad of moonlighting functions, a fact that is
typically attributed to its high cellular abundance of 1-2% of total cellular protein (244).
EF1A occupies the following non-canonical cellular roles: actin binding and bundling
(245-247), microtubule stabilization and severing (248-251), nuclear export of aa-tRNA
(252, 253), proteolysis (254, 255), and both pro and anti-apoptotic signaling (256-259).
Due to its abundance and binding properties with tRNA, it is not surprising that many
RNA viruses employ EF1A during infection. EF1A has been shown to bind tRNA-like
structures in the genomes of several plant and animal viruses (260-265) as well as
binding viral polymerases and proteins (130, 131, 263, 266-269) to enhance infection.
Recently, our lab and others have implicated EF1A as an HIV-1 host factor that
modulates early replication events. Initially, EF1A was identified from a yeast-two
hybrid screen as a Gag-binding protein at the MA and NC subunits, an interaction
speculated to promote viral RNA incorporation into virions (130). A few years later, a
former postdoc in the Aiken lab, David Hout, identified EF1A by MOLDI-TOF mass
spectrometry from partially-purified cell fractions that stimulated in vitro uncoating of
purified HIV-1 cores. The uncoating stimulation was abolished when EF1A was
immunodepleted from cells, and the uncoating stimulation could be replicated by the
addition of recombinant EF1A protein when present with its known cofactor GDP (David
Hout, unpublished data). However, no effect on HIV-1 infection was observed when
EF1A was depleted from target cells. Thus, no functional role for EF1A during infection

was identified. Shortly after these observations were made, David Harrich’s group
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reported that EF1A coimmunoprecipitated with HIV-1 RT and IN from reverse
transcription complexes (RTCs) both in vitro and in cells, and that RNAi depletion
resulted in decreased reverse transcription (131). The Harrich Lab later reported a
direct interaction between EF1A and RT, and the genetic determinants of this
interaction were required for efficient reverse transcription. Additionally, they reported
that this interaction could be inhibited by the small molecule didemninB (132-134)
suggesting that EF1A is required for efficient infection.

In this study, | investigated the binding interaction between CA assemblies and
EF1A, and EF1A’s requirement for HIV-1 infection. | determined that EF1A-CA binding
is substoichiometric and that EF1A depletion resulted in impaired HIV-1 infectivity.
However, EF1A was only required for efficient HIV-1 infection when virus harbored

native, X4-tropic envelope.

Results
EF1A-Capsid Binding Properties

Upon identifying EF1A from my binding reactions, | set out to perform validation
experiments. My first goal was to determine if EF1A could be identified in binding
reactions by immunoblotting. | performed the same binding assay as done for the
MuDPIT analysis, incubating 125 ug of HeLa P4 cytoplasmic extracts with 12 yg of CA
assembled under high salt conditions, with or without 7 uM PF74 or 40 uM BI-2. | then
pelleted the reactions, separated the proteins by SDS-PAGE, and probed immunoblots
with antisera specific for EF1A and CPSF6. Under identical conditions performed for

the MuDPIT experiment, | observed equivalent quantities of EF1A present in binding
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assay pellets in the presence and absence of assembled CA and PF74 (Fig. 3-1,
compare lanes 1-4 with 5-7, and compare lane 5 with lanes 6 and 7), which suggested
that the presence of EF1A in my previous binding assay was due to direct pelleting of
the host protein. To determine if any specific interactions occurred during the binding
assay, | probed the same membrane for CPSF6. CPSF6 was specifically present in the
binding assay pellets when assembled CA was coincubated, but not in the presence of
the small molecules PF74 or BI-2 (Fig. 3-1, compare lane 5 with lanes 6 and 7). Thus,
the binding assay conditions performed in this experiment were sufficient to identify
specific interactions of assembled CA and known host factors, but the original

observation of EF1A binding was likely due to background pelleting of the host protein.
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Figure 3-1. EF1A Pellets Independent Of CA. Assembled CA (12.5 pg) was incubated
with 125 pg HelLa P4 cytoplasmic extracts for 1 h on ice with or without 7 yM PF74, 40
MM BI-2, or matched vehicle control (Veh.). Reactions were pelleted at 5,000 rpm for 5
min at 4° C. Pelleted proteins were separated by SDS-PAGE. EF1A and CPSF6 proteins
were detected by immunoblotting with the appropriate antibodies. Input blots represent
10% of the binding reaction. CA was only added to reactions 5-7 as indicated.
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EF1A:CA Stoichiometry

Upon identification of EF1A from my initial binding assay experiments, |
hypothesized that the previous reports of EF1A interacting with MA and NC regions in
Gag (130) and immunoprecipitating with RT and IN from RTCs (131) could be explained
by an interaction with CA, which is common to both Gag and RTCs. However, my
immunoblot validation experiments suggested that EF 1A identification by mass
spectrometry was due to precipitation of the protein. | sought to identify binding
conditions that would prevent background EF1A pelleting. After extensive optimization
experiments, adjusting temperature, detergents, and centrifugation, | identified binding
conditions where EF1A pelleted only when assembled CA was present (Fig. 3-2). |
used these conditions to determine the stoichiometry of EF1A to CA. Despite the
abundant EF1A identified by mass spectrometry, under stringent binding conditions, |
estimated that the EF1A-CA interaction was substoichiometric at 1 molecule of EF1A to
118 molecules of CA. This suggests that the amount of EF1A identified in my initial
binding assay did not accurately represent the EF1A-CA interaction, likely due to its

high abundance of the host protein (244).
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Figure 3-2. Stoichiometry Of EF1A To CA. Assembled CA (12.5 ug or 20 pg) was
incubated with HelLa P4 cytoplasmic lysates (125 ug or 250 pg) for 1 h at 37° C in the
presence of the non-ionic detergent Brij-58 (0.086%). Reactions were centrifuged at
10,000 rpm for 10 min through layers of 30% and 45% sucrose at 4° C. Pelleted proteins
were separated by SDS-PAGE. EF1A and CA proteins were detected by immunoblotting
with the appropriate antibodies. All protein species were quantified and compared to a
standard curve generated by lysate titrations. EF1A:CA stoichiometry was calculated
using the standard curve. Blot represents one of two independent experiments with
similar outcomes.
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Functional Validation Of EF1A

While | was performing immunoblot validation and optimization experiments, |
was also performing functional validation experiments. Warren et al. reported that
EF1A was required for reverse transcription in cells (131), which suggests that EF1A is
required for infection, despite our lab’s unpublished data to the contrary (David Hout
and Christopher Aiken, unpublished observations). Nonetheless, | began by performing
RNAi-mediated depletion of EF1A in two CD4* HelLa-derived reporter cell lines: HeLa-
P4 and TZM-bl. Lentiviral expression of two different sShRNAs resulted in depletion of
EF1A to near undetectable levels in both cell types (Fig. 3-3 A, B). Unlike data
previously observed in the Aiken Lab, EF1A depletion resulted in up to four-fold
inhibition of HIV-1 infection (Fig. 3-3 A, B) in both cell types. Preliminary data in more
relevant T cell lines, SupT1 and CEM, also suggest that EF1A promotes HIV-1 infection

(Fig. 3-3, panels C and D).
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Figure 3-3. EF1A Is Required For HIV-1 Infection. Upper panels. (A) HeLa P4, (B)
HeLa TZMBL, (C) SupT1, or (D) CEM cells were transduced with non-silencing (NS),
empty vector (EV), or EF1A-targeting shRNAs (sh1 or sh2). NT: Not Transduced. Five
days post transduction, cells were challenged with the pNL4-3-based, GFP reporter HIV-
1. The percentage of GFP-expressing cells was determined by flow cytometry. Data
represents mean % GFP signal normalized to NT samples. Error bars represent SD. *
p<0.05; ** p<0.01; ** p<0.0001 as determined by single-sample t-test with a hypothetical
mean of 100. N.S.: not significant. For (A) n=13; (B) n=4; (C, D) n=1 independent
experiments. Lower panels. Cells were transduced as above. Five days post
transfection, whole cell extracts were prepared. Equal masses of protein extracts were
separated by SDS-PAGE, and EF1A and GAPDH were detected by sequential
immunoblotting with appropriate antibodies.
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Envelope Complementation Circumvents The Requirement For EF1A In HIV-1
Infection
My functional data contradicted what was previously observed in our laboratory;

however, where Dr. Hout employed an envelope-defective strain of HIV-1 that was
pseudotyped with VSV-G for infection, | used an HIV-1 strain expressing its native
envelope protein. To determine if the differences in EF1A requirement were due to
envelope expression, | infected EF1A-depleted HeLa P4 and TZM-bl cells with HIV-1
expressing a variety of viral envelope proteins that either target viral entry via fusion or
endocytosis, (Table 3-1). Unlike infection by HIV-1 expressing native Env, EF1A was
not required for infection by HIV-1 expressing the VSV-G protein (Fig. 3-4 A, B).
Preliminary data in more relevant T cell lines, Sup T1 and CEM, also suggested that
EF1A is not required for HIV-1 infectivity when the virus expresses VSV-G (Fig. 3-4 C,
D). Similarly, EF1A was not required for infection by HIV-1 expressing the amphotropic
murine leukemia virus (AMLV) envelope protein (Fig. 3-4 E). Interestingly,
complementing Env-deficient HIV-1 with an HIV-1 envelope protein (HXB2) resulted in
infection that was unaffected by EF1A depletion (Fig. 3-4 F, G). Collectively, these data
suggest that complementing Env-deficient HIV-1 with envelope proteins from HIV-1 or

other viruses can circumvent the requirement of EF1A in multiple cell types.
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Figure 3-4. EF1A Is Not Required For Complemented HIV-1 Infection. CD4+ (A/E/F)
HelLa P4, (B/G) HeLa TZMBL, (C) SupT1, or (D) CEM cells were transduced with non-
silencing (NS), empty vector (EV), or EF1A targeted shRNAs (sh 1 or sh 2). NT: Not
Transduced. Five days post transduction, cells were challenged with pNL4-3-based, GFP
reporter HIV-1 pseudotyped with (A-D) VSV-G, (E) AMLV, or (F-G) HXB2 envelope
proteins. GFP-expressing cells were quantified by flow cytometry. Data represents mean
% GFP signal normalized to NT samples. Error bars represent SD. * p<0.05 as
determined by single-sample t-test with a hypothetical mean of 100. N.S. not significant.
For (A) n=10; (B) n=4; (C, D, F) n=1; (E) n=4; (G) n=5 independent experiments.
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Table 3-1. Viral Envelope Proteins Tested And Their Receptor Proteins

Envelope Protein Receptor Entry Method
HIV CD4 Fusion
VSV LDLR Endocytosis

Amphotropic MLV PiT2 Fusion
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HIV-1 Coreceptor Tropism Dictates EF1A Requirement

In all EF1A depletion experiments detailed thus far, | used the pNL4-3 laboratory-
adapted strain of HIV-1, which expresses an envelope protein that requires the CXCR4
coreceptor for fusion at the cell membrane (X-4 tropic). To determine if the requirement
for EF1A is coreceptor specific, | infected EF1A-depleted HeLa TZM-bl cells with the
R5-tropic NL4-3-Bal strain of HIV-1, which requires the CCRS coreceptor for fusion.
Infection was impaired two-fold in cells transduced with one EF1A shRNA, but no
impairment was observed when EF1A was depleted by a second shRNA (Fig. 3-5),

suggesting a minor role for EF1A in R5-tropic HIV-1 infection.
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Figure 3-5. EF1A Is Not Required For R5-Tropic HIV-1 Infection. Upper panel. CD4+
HelLa TZMBL cells were transduced with non-silencing (NS), empty vector (EV), or EF1A
targeted shRNAs (sh 1 or sh 2). NT: Not Transduced. Five days post transduction, cells
were challenged with pNL4-3-Bal-based, GFP reporter HIV-1. GFP-expressing cells
were quantified by flow cytometry. Data represents mean % GFP signal normalized to
NT samples. Error bars represent SD. * p<0.05 as determined by single-sample t-test
with a hypothetical mean of 100. N.S. not significant. n=4 independent experiments.
Lower panel. Cells were transduced as above. Five days post transfection, whole cell
extracts were prepared. Equal masses of protein extracts were separated by SDS-PAGE,
and EF1A and GAPDH were detected by sequential immunoblotting with appropriate
antibodies.
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EF1A Functions During Early Stages Of Infection

A fundamental difference between the HIV-1 strain bearing native envelope and
the Env-deficient, complemented strains of HIV-1 tested is the ability of the native HIV-1
particles to replicate in infected cells and then proceed to infect neighboring cells in
multiple rounds. By contrast, while the complemented viruses are competent for single
round infections, progeny virus-like particles produced by infected cells do not bear any
envelope protein and the infection cannot spread. Thus, it was possible that the
infection impairment of native HIV-1 in EF1A-depleted cells occurred during a second or
third round of infection, consistent with a producer cell effect. To determine if EF1A is
required during a single round of infection, | prevented HIV-1 replication by treating cells
with the protease inhibitor Crixivan (Crix) at the time of infection (Fig. 3-6 A) or by
inhibiting fusion by the addition of dextran sulfate (DS) (Fig. 3-6 A) or the small molecule
AMD3100 (AMD) (Fig. 3-6 B, C) at two hours post inoculation. Limiting HIV-1 infection
to a single round did not affect the inhibition resulting from EF1A depletion, which

suggests that EF1A is required during the initial infection.
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Figure 3-6. EF1A Is Required During Early Replication Events. CD4+ HelLa P4 cells
were transduced with non-silencing (NS), empty vector (EV), or EF1A targeted shRNAs
(sh1 or sh2). NT: Not Transduced. Five days post transduction, cells were challenged
with pNL4-3-based, GFP reporter HIV-1 and compounds targeting the viral protease
(Crixivan (Crix)) or fusion (dextran sulfate (DS) or AMD3100 (AMD)) were either added
at time of infection (TOI) or 2 h post infection. Error bars represent SD. The data in each
graph represent one experiment with three technical replicates.
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EF1A Depletion Affects CD4 Surface Expression
EF1A has diverse functions in the cell. It is possible that its depletion would
affect the function or expression of proteins relevant to HIV-1 infection. | therefore
asked whether EF1A depletion affects CD4 surface expression. EF1A-depleted HelLa
P4 and TZM-bl cells were stained with a FITC-labelled antibody specific for CD4, and
CD4 surface expression was quantified by flow cytometry. One of the EF1A shRNAs
did not affect CD4 surface expression in either cell type, while a second shRNA resulted

in @ maximum two-fold reduction in CD4 staining (Fig. 3-7 A, B).
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Figure 3-7. EF1A Depletion Affects CD4 Surface Expression In Hela Cells. CD4+
(A) HeLa-P4 or (B) TZMBL cells were transduced with non-silencing (NS), empty vector
(EV), or EF1A targeted shRNAs (sh1 or sh2). NT: Not Transduced. Five days post
transduction, cells were collected and stained with FITC-labeled CD4 antibody and
analyzed by flow cytometry. Shown are the mean fluorescence intensities (MFI) of FITC-
positive cells. Error bars represent SD. * p<0.05 as determined by unpaired t-test. N.S.:
not significant. For (A) n=8; (B) n=2 independent experiments.
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EF1A Depletion Does Not Specifically Affect Integrated Provirus Translation
The infection experiments detailed thus far involve flow cytometry counting of

cells expressing GFP. GFP expression results from HIV-1 integration into host
chromatin and subsequent expression via cellular processes. Thus, the infection
experiments reveal whether or not HIV-1 has entered the cells and undergone all early
events: reverse transcription, uncoating, nuclear entry, and integration. Because the
read-out for infection requires GFP expression from the cell, it is possible that the
perceived infection inhibition observed in EF1A depleted cells could be explained by a
global inhibition of protein synthesis. To test this hypothesis, | performed
biosynthetically labelled EF1A-depleted cells with S (Fig. 3-8 A). Compared to non-
transduced cells, global protein synthesis was reduced for all cells transduced with
shRNAs. However, global protein synthesis was reduced to comparable levels in cells
transduced with EF1A shRNAs and cells transduced with empty and non-targeting
control shRNAs. This suggests that EF1A depletion did not specifically impair global
protein synthesis. Moreover, flow plots from infected, EF1A-depleted cells revealed that
the mean fluorescence intensity of GFP-positive cells was comparable to infected
control cells (Fig. 3-8 B). Together, these data suggest that EF1A depletion does not

impair integrated provirus translation.
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Figure 3-8. EF1A Does Not Specifically Impair Proviral GFP Expression. CD4+
HelLa P4 cells were transduced with non-silencing (NS), empty vector (EV), or EF1A
targeted shRNAs (sh 1 or sh 2). NT=Not Transduced. (A) Five days post transduction,
cells were metabolically labeled with 35S for 90 min, cells were collected, and whole cell
lysates were prepared. Equal masses of cellular proteins were separated by SDS-PAGE,
and labeled protein was detected with a phosphorimager. Shown are the data from one
experiment. (B) Five days post transduction, cells were challenged with pNL4-3-based,
GFP reporter HIV-1. GFP-expressing cells were quantified by flow cytometry. Shown
are the flow plots of cells gated for GFP expression for cells not transduced or transduced
with EF1A shRNA sh 2. These plots are representative of 13 independent experiments
with similar outcomes.
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Discussion

In this study, | examined the binding properties between EF1A and assembled
HIV-1 CA. | determined that binding between EF1A and CA is at a very low
stoichiometry. | also examined the requirement of EF1A for efficient HIV-1 infection.
EF1A was required for efficient infection by an X4-tropic strain of HIV-1 in two CD4*
HelLa cell lines, and preliminary data suggests a role for EF1A in two T cell lines. The
requirement for EF1A occurs during early stages of HIV-1 infection; however, this effect
was altered by changing the viral envelope.

Interpretation of my studies of EF1A represented a challenge. How might HIV-1
utilize an abundant, cytoplasmic host protein during infection in an Env-dependent
manner? According to published data, EF1A depletion in target cells impairs reverse
transcription (131). Additionally, EF1A was reported to bind directly to RT, and
disruption of this interaction, either by RT point substitutions or by small-molecule
inhibition, also resulted in reduced HIV-1 reverse transcription (132-134). Collectively,
these data suggest a model of EF1A functioning during reverse transcription. How then
might different viral envelopes affect the requirement for EF1A during reverse
transcription? One possibility is the different routes of entry that envelope proteins
dictate upon receptor recognition. The HIV-1 envelope protein directs entry via fusion at
the outer membrane, while the VSV-G protein mediates infection via an endocytic entry
route (114). The low pH environment of the endosome may stimulate uncoating and/or
reverse transcription in an EF1A-independent manner. Alternatively, there may be an
as yet undefined repository of EF1A in endosomes that may serve as a concentrated

source of the host protein, even under knockdown conditions. However,
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complementation experiments involving env proteins from AMLV and even HIV-1
indicated that EF1A was dispensable for infection, (Fig. 3-4), when entry occurred via
fusion at the membrane. In this case, reverse transcription and uncoating would occur
in the cytoplasm with abundant access to EF1A.

Based on my results, | would speculate that EF1A may have a previously
unidentified role during viral fusion. It is possible that EF1A depletion may affect one or
more host factors required for HIV-1 attachment and/or fusion. | tested this hypothesis
by quantifying surface-expressed levels of CD4 on HelLa P4 and HeLa TZM-bl cells.
While EF1A depletion resulted in a statistically-significant reduction in CD4 expression,
this phenotype was only observed when one shRNA was transduced, and not when a
second shRNA was transduced that also resulted in EF1A depletion (Fig. 3-7).
Therefore, the results were difficult to interpret. Quantifying surface-expressed CXCR4
may be more informative in EF1A depleted cells to address this hypothesis, as X4-tropic
HIV-1 was more affected by EF1A depletion than an R5-tropic strain of HIV-1 (Fig. 3-5).

EF1A may affect viral entry directly. One report has demonstrated that EF1A can
localize to the exterior of fibroblasts and function as a receptor for fibronectin (270).
While the cells used in this study are not fibroblasts, and to my knowledge, EF1A has
not been identified at the surface of other cell types, it is possible that EF1A may have a
direct role during virus attachment and or fusion. Indeed, prior to CD4 binding, initial
HIV-1 contact can be mediated by heparan sulfate proteoglycans (271), integrins (272,
273), or the macrophage pattern recognition receptor DC-SIGN (9, 274). Thus, there is
precedent for non-CD4 proteins involved in HIV-1 attachment to target cells. An

immediate future direction for this project will be to assay viral fusion in EF1A-depleted
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cells to directly test whether EF1A functions during entry. If this hypothesis is true, why
might HXB2-complemented HIV-1 or AMLV-complemented virus abrogate the necessity
for EF1A? Env-deficient viruses that are complemented, or pseudotyped, to express a
receptor in trans often express much more of that receptor than what is natively found
on a particle. Therefore, | would speculate that if EF1A functions during early
attachment or fusion of HIV-1, complementing particles to express more envelope
protein may obviate the need for EF1A.

EF1A membrane localization has also been demonstrated by the prokaryotic
analogue EF-Tu protein, which can function as a receptor protein to infect mammalian
cells (275-279). Therefore, if EF1A is expressed on the surface of HEK293T cells, HIV-
1 generated by transfection may harbor EF1A on its surface and potentially act as a
receptor-like protein. If true, HIV-1 particles generated during infection of EF1A-
depleted HelLa cells may have subsequent infection inhibition due to a lack of surface-
expressed EF1A. In this case, the effects of EF1A depletion would be manifested
during a second round of infection; however, my data do not support this hypothesis
(Fig. 3-6).

In summary, | have observed that EF1A promotes HIV-1 infection when the virus
bears an X4-tropic envelope. While | have not determined the mechanism by which the
identity of the viral envelope influences the requirement for EF1A in HIV-1 infection, |
have obtained evidence for a novel function of EF1A during HIV-1 infection. Much of
my discussion has been speculative on what has been a disparate set of observations

that does not necessarily support the reported requirement for EF1A in HIV-1 reverse
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transcription. Nevertheless, work on this project taught me valuable lessons in both

perseverance and the value of things left unfinished.
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Chapter 4

Summary And Future Directions

My graduate thesis research has focused on two different aspects of HIV-1
biology: host factor utilization, and maturation. In Chapter 2, | detailed the mechanism
by which small amounts of uncleaved MA-CA protein potently inhibits HIV-1 infection;
and in Chapter 3, | described how | identified EF1A as a host factor required for X4-
tropic HIV-1 infectivity.

The MA-CA antiviral mechanism project (Chapter 2) was based on several
previous studies investigating the inhibitory effects of Gag cleavage mutants. HIV-1 PR
inhibitors are successful therapeutics (156) because Gag and Gag-Pol cleavage is
required for generating infectious virions (157). Maturation inhibitors, typified by the
small molecule bevirimat, also prevent Gag cleavage by binding to the CA-SP1 Gag
cleavage site and preventing PR activity (78, 158-160). Gag cleavage can also be
inhibited by replacement of the P1 residue at each cleavage site with lle (280). With
exception to the NC-SP2 cleavage site (150), mutation at each HIV-1 Gag cleavage site
completely inhibits virus infectivity. Based on the necessity of Gag cleavage for
replication, several investigators (Volker Vogt, Ronald Swanstrom, Eric Freed, and
Hans-Georg Krausslich) hypothesized that Gag cleavage mutants could function as a
transdominant inhibitor of HIV-1 infection.

Transdominant inhibition of HIV-1 infection has been previously explored for

other viral genes, including Tat (281), Rev (282-286), and even Gag (173, 287).
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Transdominant inhibition by cleavage mutants was first observed in MLV when the p12-
CA cleavage was blocked (170). Shortly after this, studies on HIV-1 Gag indicated that
the MA-CA (150, 172) and CA-SP1 (171) cleavage mutants were potently
transdominant. However, no extensive mechanistic details were revealed. My work on
this subject directly relates to that reported by Lee et al. (150), who showed that the MA-
CA cleavage mutant, Y132I, potently inhibits HIV-1 infectivity when particles are
generated by cotransfection of WT and Y132l proviral plasmids. They reported that the
resulting particles exhibited early defects in reverse transcription and that the particles’
cores were eccentrically located. My goal for this project was to more precisely define
the mechanism by which a small amount of uncleaved MA-CA protein potently
interfered with HIV-1 infectivity, in order to better understand the molecular events
required for proper HIV-1 maturation.

Based on the reverse transcription impairment reported by Lee et al., |
hypothesized that virions containing uncleaved MA-CA protein would have unstable
cores. However, using biochemical fractionation (Fig. 2-5) and a complementary, cell-
based assay (Fig. 2-6) | observed that the cores are stable. Further investigation
revealed no major reverse transcription impairment by MA-CA mixed particles; rather, |
observed a strong impairment to nuclear entry (Fig. 2-7). Using a disulfide crosslinking
approach (Fig. 2-2) and immunoprecipitation (Fig. 2-3), | determined that uncleaved
MA-CA and cleaved CA proteins coassemble within virus particles to form a mixed
capsid. | hypothesized that this coassembly would perturb the intermolecular CA-CA
interfaces necessary for capsid assembly. However, using a disulfide crosslinking

approach (Fig. 2-4), | did not observe perturbations to any of the known CA-CA
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interfaces, which suggests that uncleaved MA-CA protein does not inhibit CA hexamer
assembly, despite my observations that particle morphology is aberrant (Fig. 2-1). In
collaborative experiments with Parmit Singh and Greg Sowd (present and former
members of Alan Engelman’s group at the Dana Farber Cancer Institute), | also
determined that particles bearing uncleaved MA-CA have marginally decreased
integration into genes and gene dense areas of the host chromatin and increased
integration near heterochromatic LAD regions (Table 2-1), phenotypes shared with WT
virus infections of cells where the nuclear pore proteins Nup153 and Nup358 where
depleted (188, 190, 200). Finally, my genetic experiments revealed that both MA
myristoylation and the N-terminal basic patch are required for the antiviral potency of
MA-CA.

Based on my data, | propose a model involving two, non-mutually exclusive
mechanisms for the antiviral action of uncleaved MA-CA protein (Fig. 4-1), both of which
involve association of MA-CA with the assembled viral capsid. | propose that the
membrane-binding elements of MA—the myristate and the N-terminal basic patch—
result in tethering of the core to the cellular membrane upon fusion. Retention at the
membrane results in reverse transcription and partial uncoating at the cellular periphery
rather than either en route to the nucleus and/or at the nuclear pore. Thus, a significant
fraction of reverse transcribed proviral genomes fail to make it to the nucleus. However,
the membrane retention does not appear to account for the full antiviral effect of MA-
CA, since nuclear import is reduced by about 75% of the wild type at a dose that
inhibited infectivity by 95%. Therefore, based on the altered integration targeting |

observed, | propose that the remaining proviruses that do make it to the nucleus are
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impaired for integration owing to impaired interactions with the nuclear pore complex,

which results in poor penetration into chromatin-dense regions.
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Figure 4-1. Model For Uncleaved MA-CA Protein Inhibition Of HIV-1 Infection. HIV-1
enters target cells by fusion. The viral core is transported to the nucleus where uncoating
and reverse transcription occur. The viral preintegration complex enters the nucleus at
the nuclear pore complex, and proviral DNA integrates into gene dense areas of the host
chromatin. MA-CA mixed viruses enters via fusion, and MA-CA-containing cores are
tethered to the membrane via myristic acid and a basic patch of residues. Reverse
transcription occurs and uncoating, but nuclear entry is impaired. Viral cDNA that does
enter the nucleus integrates into peripheral heterochromatin. Inset depicts interaction
between myristic acid and positive residues of MA with the lipid bilayer.
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Two elements of my proposed model remain to be tested and serve as future
directions for this project. | hypothesize that the membrane-binding elements of MA
tether the MA-CA-mixed core to the cellular membrane upon fusion. Currently, there
are no reported assays for detecting core detachment from membranes, so testing this
hypothesis will require development and optimization of new methods. Assembled Gag
has been identified from cellular membranes isolated by fractionation experiments (288,
289). This approach is a logical starting point, and, indeed, | attempted this experiment
several times. However, | quickly became aware of the scope of development this
approach would require in order to generate interpretable data. The necessary
variables to consider are not limited to cell count, time course of infection, and MOI of
virus necessary for adequate signal to noise. Presently, this approach is plagued by a
lack of obvious positive and negative controls. Perhaps a suitable negative control
would be a virus that cannot fuse with the membrane, such as an Env-defective mutant.
However, the degree to which the mutant virus associates with cell membranes would
first have to be determined. An appropriate positive control is more difficult to imagine.
Full MA-CA mutants (i.e. not cotransfected particles) may serve, since all of the MA
would be associated with the immature core; although this would have to be limited to
MA-CA and MA-SP1, since MA-NC cleavage is required for fusion (290).

Microscopy could serve as an alternative approach to test the membrane-
tethering hypothesis. We have spoken with Dr. Zandrea Ambrose (Univ. of Pittsburgh)
and Dr. Ashwanth Francis (Emory University) about potential collaborations involving
live-cell imaging of infected cells (291, 292). With the appropriate localization markers,

live-cell imaging would reveal if and how long cores remain tethered to the membrane
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as well as the trafficking patterns associated with transport to the nucleus. As with the
biochemical approach, significant development and optimization would be required to
generate interpretable data, including the identification of suitable controls.

The second aspect of my proposed model that remains to be tested involves the
nuclear import of MA-CA-mixed preintegration complexes. | determined that MA-CA
cotransfection results in a nuclear entry impairment (Fig. 2-7), and our integration
targeting data are reminiscent of WT infection of cells depleted of Nup153 and Nup358
(Table 2-1). | hypothesize that uncleaved MA-CA, present in the PIC, interferes with the
CA-Nup interactions necessary for nuclear entry. Both Nup153 and Nup358 bind to the
capsid and are involved in nuclear entry (55-57, 103-106). To test my hypothesis, |
would perform in vitro binding assays with the recombinant CA and MA-CA assembled
proteins described in Chapter 2 and cellular extracts and perform binding assays with
immunoprecipitation. Similarly, | would infect cells with MA-CA-mixed viruses and
perform immunoprecipitations with cellular extracts. The same experiment(s) could be
performed for other elements of the nuclear pore complex, as recent reports have
indicated that multiple nucleoporins and host factors can facilitate nuclear entry (55, 56).
When | assayed mixed virus for nuclear entry, | observed a small amount of 2LTR
circles (Fig. 2-7). While the reduction to nuclear entry accounted for the majority of the
infection impairment, a small amount of nuclear entry occurred, even for the 20% MA-
CA mixed viruses. If MA-CA interferes with the CA-Nup interactions necessary for
nuclear entry, how did any PIC enter the nucleus? All infection experiments utilized
Hela cells, capable of cell division. It is possible that MA-CA PICs integrated while the

host chromatin was accessible during division. To test this hypothesis, | would infect
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cells treated with aphidicolin, preventing cell division. | would then determine if the
small amount of nuclear entry was still occurring. These hypotheses and proposed
experiments are based on the speculation that uncleaved MA-CA protein is part of the
PIC. This could be easily tested by isolating PICs from infected cells and
immunoblotting for MA-CA.

Understanding the antiviral effects of uncleaved MA-CA protein reveal the strict
requirements for Gag cleavage during maturation and reinforce the models for CA-host
factor interactions. Compounds directed at blocking the MA-CA cleavage site may
represent a potent therapeutic avenue (293), since only small amounts of uncleaved
MA-CA are required to inhibit infection. | also speculate that an MA-CA mimetic may
also represent a novel therapy. An uncleavable MA-CA analogue produced in infected
cells may render progeny virions non-viable. | imagine that a proof of concept could be
performed by cotransfecting an MA-CA truncation construct with WT plasmid and then
determine if uncleaved MA-CA was incorporated into harvested particles. While | have
demonstrated that MA-CA coassembles with CA, | do not know if MA-CA coassembles
with Gag, as other elements, such as NC and the viral RNA, participate in Gag
assembly. Nevertheless, uncleaved MA-CA may hold promise for future antiviral
therapeutics and greater understanding of HIV-1 biology.

My initial thesis project focused on CA-host factor interactions. Using in vitro
binding assays and mass spectrometry, | identified EF1A as a capsid-binding host
factor. However, | realized that EF1A was likely a false-positive in the mass
spectrometry data, as EF1A was present in binding assay pellets independent of CA

(Fig. 3-1). After months of optimization trials, | developed a new binding and
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centrifugation procedure that eliminated the EF1A background pelleting, and |
determined that the EF1A-CA interaction is substoichiometric at 118 molecules of CA to
1 molecule of EF1A (Fig. 3-2). While developing the new binding assay methods, | also
performed functional validation experiments. | observed that EF1A depletion in HelLa
P4 and TZM-bl cells significantly impaired HIV-1,n04-3 infectivity (Fig. 3-3). Interestingly,
the same depleted cells were permissive for HIV-1 infection where the virus harbored
complemented envelope proteins, either from HIV-1 or other viruses (Fig. 3-4 and 3-5).
Further investigation revealed a small decrease in surface CD4 expression in EF1A
depleted cells (Fig. 3-7).

Based on my data, | hypothesize that EF1A depletion results in a fusion
impairment. To test this hypothesis, | would perform the fusion assay used in Chapter 2
of my thesis and, if successfully developed, complement the experiment with live-cell
imaging analysis to visualize the extent of entry. The latter analysis may reveal
interesting insights into the kinetics of entry and how EF1A may affect it. | would also
perform staining and flow cytometry experiments to determine if CXCR4 surface
expression is specifically down-regulated in EF1A-depleted cells. | have performed
preliminary experiments in SupT1 and CEM T cell lines, which suggest that EF1A is
necessary for infection. However, it is possible that EF1A depletion in HelLa cells
results in infection-related artifacts. Thus, functional validation experiments will be
necessary in primary CD4* T cells to determine how relevant EF1A is to HIV-1 infection.

The most recent reports on EF1A related to HIV-1 suggest an important role for
EF1A during reverse transcription (132-134). Collectively, the reports demonstrate an

interaction between EF1A and RT, and that when this interaction is inhibited, either by
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RT mutation or small molecule, reverse transcription in target cells is impaired.
Additionally, Warren et al. reported that VSV-G pseudotyped HIV-1 was impaired for
reverse transcription in HEK293T cells when EF1A was depleted by siRNA knock down
(131). My observations in CD4* HelLa cells contradicted this report and suggested that
the viral envelope and/or method of entry can obviate the need for EF1A during
infection. Had | continued to work on this project, | may have revealed an unknown
connection between envelope and post-entry replication events. However, at the time,
there were too many intangibles related to this line of investigation, | was spending too
much time and effort trying to establish a functioning fusion assay, and there was no
clear path towards publication of this story. Ultimately, | decided that transitioning to the
MA-CA project was in my best interest, and | thank my mentor and committee members

their support and the chance to start over.
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Chapter 5

Materials And Methods

Plasmids

All viruses tested in this study were generated from pNL4-3 or R9 proviral clones,
which are isogenic in the Gag coding region. The pNL4-3 MA-CA plasmid harbors the
single Y132| substitution in Gag (178). The following substitutions were generated by
PCR overlap in pNL4-3 and pNL4-3 MA-CA constructs: in MA, G2A; in CA, A14C and
E45C. The following deletions in MA were generated in wild type, MA-CA, and MA-CA
G2A pNL4-3 plasmids by overlap PCR: removal of codons 8-126 and 8-87. For
constructs in which 8-126 and 8-87 were deleted, a Ser/Arg (TCTCGT) motif was
inserted concomitant with the removal in a single phase of overlap PCR. Constructions
of the pNL4-3 CA-NC plasmid (196) and pNL4-3 MA-NC plasmid (290) were described
previously. pNL4-3AE encodes a frameshift at the Ndel restriction site in env, resulting
in Env-deficient particles. Plasmid pNLX.Luc.R-U3-tag, which was derived from
pNLX.Luc.R-.AAvrll using overlap PCR, is also env-deficient and additionally carries the
gene for Firefly luciferase in the viral nef position (188). The resulting PCR product,
digested with Xhol and NgoMIV, was ligated with Xhol/NgoMIV-digested pNLX.Luc.R-
AAvrll DNA. The accuracy of mutagenesis was confirmed by DNA sequencing of all
PCR-amplified regions.

Env-deficient viruses were pseudotyped with the vesicular stomatitis virus G

(VSV-G) protein by cotransfection with pHCMV-G (294 ), the amphotropic murine
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leukemia virus envelope protein by cotransfection with pSV-A-MLV-env (295), or the
HIV-1 HXB2 envelope protein by cotransfection with pllIEnv3-1 (296). Reporter-based
infection assays employed HIV-GFP, a pNL4-3-based construct that harbors an env
frameshift mutation and encodes green fluorescent protein (GFP) in place of nef (297),
NL4-3-BalL-GFP, which was generated by transferring the Sall to BamHI fragment from
R9-BaL to NL4-3 GFP, or HIV-Luc generated from pNLX.Luc.R-.AAvrll. BlaM-Vpr-
reporter viruses used in virus-cell fusion assays were generated by cotransfection with
the pMM310 plasmid, as previously described (290).

The recombinant 14C/45C CA protein was generated by introduction of Cys
codons into pET21a HIV-1 CA at positions 14 and 45 (174). The recombinant MA-CA
protein was generated by introducing the MA-CA coding region of pNL4-3 into the

pET21a vector via restriction enzymes Ndel and Xhol.

Cells And viruses

TZM-bl cells were obtained through the NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH (Cat# 8129) from Dr. John C. Kappes, and Dr. Xiaoyun Wu, and
Tranzyme Inc (187, 298-301). HelLa-P4 cells were the generous gift of F. Clavel (193).
SupT1 and CEM cells were the generous gift of Didier Trono. Owl Monkey Kidney
(OMK) and human embryonic kidney (HEK) 293T cells were purchased from the
American Type Culture Collection. HeLa-CD4* cells were generated by transducing
HelLa cells with a pBABE-puro (302) vector encoding CD4. Single cell clones were
grown, and cells were selected for growth with puromycin (1 pg/ml). Adherent cells

were cultured at 37°C, 5% CO2 in Dulbecco’s modified eagle medium (DMEM)
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(Cellgro), and non-adherent cells (SupT1, CEM) were cultured in RPMI supplemented
with 10% fetal bovine serum (FBS), penicillin (50 1U/ml), and streptomycin (50 ug/ml).
Virus stocks used for infectivity, cell fusion, abrogation of restriction, and protein cross-
linking analyses were produced by calcium phosphate transfection of HEK293T cells
(303). Virus stocks for thin-section EM analysis and HIV-Luc virions used to test
infectivity of the U3-tagged virus for integration site sequencing were produced via
PolyJet (SignaGen Laboratories) transfection (115). Virus stocks used for isolation of
cores and integration targeting analysis were generated by polyethylenimine (PEI)
transfection owing to the need for higher particle yields. Briefly, 10 ug of plasmid DNA
was added to 900 pl Opti-Mem (gibco) and 40 ug PEI, incubated for 15 min at room
temperature, and subsequently added to 3 million 293T cells. Cells were incubated at
37°C, 5% CO:2 for 6 h and subsequently washed in phosphate-buffered saline (PBS),
and 6 ml media was replaced. Cell supernatants were harvested 48 h post transfection.
Viruses used for quantification of reverse transcription products and 2-long terminal
repeat (LTR) circles by gPCR were generated by transfection using the TransIT-293
transfection reagent (Mirus), according to the manufacturer’s protocol, to minimize
contamination of the virus stocks by transfected plasmid DNA. For cotransfection
experiments, the total amount of DNA transfected was kept constant between
experiments, using 20 ug total DNA per dish for calcium phosphate, 10 ug total DNA for
PEI, and 15 pg total DNA for TransIT-293 transfections. VSV-G-pseudotyped HIV-1
particles were generated by cotransfection of 20 ug of proviral DNA with 5 ug of
pHCMV-G DNA. Culture supernatants were filtered through 0.45 ym pore-size syringe

filters, and aliquots were frozen and stored at -80°C only once per use. The CA content
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of virus stocks was quantified by a p24-specific enzyme-linked immunosorbent assay
(ELISA) (304), where viral samples were initially diluted in 2X Laemmli buffer (347mM
Tris-HCI [pH 6.8], 22% glycerol, .0167% bromophenol blue, 4.4% sodium dodecyl
sulfate (SDS)) containing 10% 2-mercaptoethanol (BME) and heated to 95°C for 5 min

prior to serial dilution.

Virion Morphology Analysis

HIV-1 particles produced by transfection were pelleted at 26,000 rpm (115,000 x
g) at 4°C for 2.5 h with a Beckman SW32 Ti rotor. Viral pellets were collected in 1 ml of
PBS and subsequently pelleted at 45,000 rpm (125,000 x g) at 4°C for 30 min in a
Beckman TLA 55 rotor. Viral pellets were fixed overnight at 4°C in electron microscopy
(EM)-grade (Electron Microscopy Sciences) fixative agents (1.25% paraformaldehyde,
2.5% glutaraldehyde, 0.03% picric acid, 0.1 M sodium cacodylate buffer (pH 7.4)).
Ultrathin (~60 nm) were cut on a Reichert Ultracut-S microtome, transferred to copper
grids stained with lead citrate, and observed using a JEOL 1200EX microscope with an
AMT 2k charge-coupled device camera. Images were captured at 30,000X
magnification and were visually inspected to classify viral particles as mature, immature,
eccentric, or empty. Virus particle classification was conducted using blinded samples,
and over 100 particles were counted per virus preparation. Linear regression analysis

of the eccentric particles was performed using GraphPad Prism software.

102



Virus-Cell Fusion Assay

Viral fusion was assayed as before (290) with modification. Briefly, we
inoculated 10,000 HeLa TZM-bl cells, seeded the day prior, in a black-walled 96 well
plate with dilutions of Blam-Vpr-reporter viruses in DMEM free of FBS, penicillin, and
streptomycin but containing HEPES (10 mM) and DEAE-dextran (20 ug/ml). Diluted
viruses (100 pl) were added to cells and cultured for 2 h at 37°C to allow for virus fusion.
CCF4-AM (Invitrogen) was then added to a final concentration of 0.94 yM and
incubated at room temperature for 16 h in the dark. Supernatants were removed and
replaced with 100 ul PBS, and fluorescence was quantified at 450 nm and 520 nm with
a BMG Fluostar microplate fluorometer with excitation at 410 nm. The extent of fusion
was determined as the resulting ratio of blue-to-green fluorescence in each culture.
These ratios were calculated following subtraction of averaged background values of
uninoculated (blue values) and cell-free, PBS-containing quadruplicate wells (green

background). Duplicate determinations were performed for each virus dilution.

Assay Of HIV Infectivity

Viral infectivity was determined by titrating virus stocks on TZM-bl cells and
assaying expression of luciferase reporter activity in cell lysates or by using p24-
matched levels of luciferase-containing constructs to infect HEK293T cells (115). Cells
(10,000 per well) were seeded in black-walled 96 well plates and inoculated with 10-fold
serial dilutions of HIV-1nL4-3 in culture medium containing 20 pg/ml DEAE-dextran in 100
ul total volume. 48 h after inoculation, cells were washed once in PBS and lysed in 30

pl TBS (50mM Tris-HCI [pH 7.8], 130 mM NacCl, 10 mM KCI, 5 mM MgCl2) containing
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0.5% Triton X-100. Luminescence was determined using an Lmax luminometer
(Molecular Devices) for 5 sec after injection of 200 ul Solution 1 (75mM Tris-HCI [pH 8],
8.3 mM MgOAc, 4 mM ATP) and 80 pl Solution 2 (1 mM D-Luciferin (GoldBio)).
Infectivity values were determined as the ratio of Arbitrary Light Units (ALU) per ng p24
at doses of virus corresponding to the linear range of luciferase signals from each
assay. The infectivity of particles containing uncleaved MA-CA was calculated as a
percentage of the corresponding wild type values. For abrogation of restriction
experiments, single-cycle assays of viral infectivity were performed with 10,000 OMK
cells plated one day prior to infection in 96 well plates with 100 pl volumes of
HIV-1AE(VSV), co-inoculated with HIV-GFP(VSV) (2 ng p24). Sixteen hours after
inoculation, cells were washed in PBS and culture media replaced. 48 h post infection,
cells were detached with trypsin and fixed overnight in PBS containing 4% fresh
paraformaldehyde. GFP expression in OMK cells was analyzed by flow cytometry on

an Accuri C6 flow cytometer, analyzing a minimum of 5,000 cells per sample.

Isolation Of HIV-1 Cores

Viral cores were isolated from concentrated HIV-1 particles as previously
described (177). Supernatants from transfected 293T cells were concentrated by
centrifugation in a Beckman SW32-Ti rotor at 32,000 rpm (175,000 X g at rmax) at 4°C
for 3 h. Pelleted virions were resuspended in 0.4 ml of 1X STE buffer (10 mM Tris-HCI
[pH 7.4], 100 mM NaCl, and 1 mM EDTA) and incubated on ice for 3 h. The
concentrated virions were then centrifuged at 32,000 rpm (187,000 X g) for 16 h at 4°C

through an 11 ml 30%-70% linear sucrose gradient overlaid with 1% Triton X-100.
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Fractions (1 ml) were collected from the top of the gradient. The CA content in each
fraction was quantified by p24 ELISA. HIV-1 RNA in each fraction was quantified by
RT-gPCR. Prior to concentration of the particles and core isolation, transfected cell
supernatants were treated with 20 ug/ml DNase | and 10 mM MgCl. for 1 h at 37°C.
RNA was isolated from each fraction with Trizol reagent (Invitrogen) according to the
manufacturer’s protocol. cDNA was synthesized from extracted RNA by RT-PCR using
a cDNA Reverse Transcription kit (Applied Biosystems) according to the manufacturer’s
protocol. cDNA from each fraction was analyzed by quantitative PCR using an MX-
3000P thermocycler (Stratagene) utilizing SYBR green chemistry (ABI). First strand-
transfer reverse transcripts were amplified using forward
(5'-AGCAGCTGCTTTTTGCCTGTACT-3’) and reverse
(5'-ACACAACAGACGGGCACACAC-3’) primers, and copy numbers were interpolated
from a standard curve produced with dilutions of wild type R9 plasmid DNA. HIV-1
proteins in each gradient fraction were analyzed by immunoblotting after concentrating
the protein samples by precipitation with trichloroacetic acid (TCA). Briefly, 500 ul of
gradient fractions were diluted in 500 pl PBS. 250 ul of 30% TCA was added, and
samples were incubated on ice for 30 min. Precipitated proteins were pelleted at
13,000 rpm for 5 min. Pellets were washed twice in a 1:1 ethanol:ether mix. Pellets

were resuspended in Laemmli buffer.

Immunoblotting Analysis

Proteins were separated on 4-20% SurePAGE bis-tris polyacrylamide gradient

gels (Genscript) and electrophoretically transferred to nitrocellulose membranes (Perkin
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Elmer). Blots were subsequently blocked in blocking buffer (Li-COR) diluted 50% with
PBS. Membranes were washed in PBS containing 0.2% Tween 20 thrice for 5 min
between antibody incubations. For immunoblotting analysis of pelleted viral particles,
samples were normalized by p24 levels (determined by ELISA) with proteins dissolved
in 2X Laemmli buffer containing 10% BME and incubated for 5 min at 95°C (reducing
conditions) or dissolved in Laemmli buffer without BME and not heated (non-reducing
conditions). Samples from TCA-precipitated gradient fractions were loaded onto gels
with equal volumes between samples. Membranes were probed with the following
antibodies: HIV-1 CA (mouse monoclonal, 183-H12-5C, NIH AIDS Research and
Reference Program (305), 4 ug/ml); HIV-1 NC (polyclonal goat serum, received from Dr.
Robert Gorelick 1:1000 dilution); HIV-1 MA (polyclonal rabbit serum, 4811 NIH AIDS
Research and Reference Program (306), 1:500 dilution); and HIV-1 RT (polyclonal
rabbit serum, 6195 NIH AIDS Research and Reference Program, 1:1000 dilution).
Rabbit antiserum against HIV-1 IN was raised in animals inoculated with 2 pg purified
recombinant protein (307), which was subsequently affinity purified over an IN-
containing column (Thermo Fisher). The resulting antibody was used at 1:5,000
dilution. BlaM-Vpr was detected with beta-lactamase antibody (mouse monoclonal,
QED Bioscience Inc. 15720, 2.8 pg/ml). EF1A was detected with EF1A antibody
(mouse monoclonal, Millipore. Clone CBP-KK1; 05-235, 2.5 ug/ml). GAPDH was
detected by GAPDH antibody (mouse monoclonal, Santa Cruz Biotechnology. 0411,
SC-47724, 100 ng/ml). Immunoblots were probed with the appropriate infrared (IR)
dye-conjugated secondary antibodies at 100 ng/ml (Li-COR Biosciences), and bound

antibodies were detected by scanning with a Li-COR Odyssey imaging system. Protein
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band quantification was determined via pixel intensity analysis using Li-COR Image
Studio 3.1 employing background subtraction by the top and bottom, median

background method.

Quantification Of Reverse Transcribed Products And 2-LTR Circles In Infected
Cells

Duplicate cultures of 100,000 Hela-CD4 cells were inoculated with 150 ng p24 of
HIV-1 particles in 12-well plates. Cell monolayers were rinsed in PBS and detached with
trypsin 8 h after virus inoculation (for second-strand transfer analysis) or 24 h post
inoculation (for 2-LTR circle analysis). Cell pellets were treated with gPCR lysis buffer
(10 mM Tris-HCI [pH 8], 0.2 mM CaClz, 1 mM EDTA, 0.001% TX-100, 0.001% SDS, 1
mg/ml proteinase K) for 1 h at 57°C. Proteinase K was then inactivated by heating the
samples at 95°C for 15 min. As a control to detect contaminating plasmid DNA, the RT
inhibitor Efavirenz (1 uM) was added to parallel infections in all experiments analyzing
second-strand transfer. Either 25 yM IN inhibitor 118-D-24 (NIH AIDS Research and
Reference Program (308, 309)) or 1 uM Raltegravir (a generous gift from Dr.
Chandravanu Dash) was added to all samples in experiments analyzing 2-LTR circles.
Prior to all infections for gPCR analysis, virus stocks were treated with 20 pg/ml DNasel,
10 mM MgCl2 at 37°C for 1 h to reduce contaminating plasmid DNA. HIV-1 DNA was
detected in each sample with SYBR green chemistry on a Stratagene MX3000p
instrument. Second-strand transfer DNA was amplified using
forward primer: 5'-TGTGTGCCCGTCTGTTGTGT-3’ and

reverse primer: 5-GAGTCCTGCGTCGAGAGATC-3'. 2-LTR circle DNA was amplified
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using forward primer: 5-AACTAGGGAACCCACTGCTTAAG-3’ and

reverse primer: 5-TCCACAGATCAAGGATATCTTGTC-3'. Second strand transfer copy
numbers of cDNA were interpolated from a standard curve using HIV-1 plasmid DNA as
a standard. 2-LTR circle copy numbers of cDNA were interpolated from a standard

curve using p2LTR plasmid DNA (310) as a standard.

Recombinant Protein Purification And Immunoprecipitation

The HIV-1 proteins MA-CA and CA were expressed from the pET21a-MA-CA
construct and the pET21a-CA construct, which encodes A14C/E45C substitutions in
CA. The plasmids were transformed into competent E. coli BL21 cells, grown in 2 L of
LB to ODsoo of 0.6, and expression was induced by the addition of 1 mM IPTG
(isopropyl-B-D-thiogalactopyranoside; Gold Biotechnology) and cultures were
subsequently incubated for 8 h at 25°C. Cells were lysed by sonication (Sonic
Dismembrator ultrasonic processor (Fisher Scientific)), and lysates were cleared by
centrifugation for 1 h at 40,000 X g at 4°C. CA protein was purified by anion-exchange
chromatography as described (174). MA-CA protein was purified as described (155),
with the following modifications. MA-CA protein was precipitated from the bacterial
lysate by addition of ammonium sulfate to 25%-34% of saturation, and the precipitate
was pelleted and dissolved in 30 ml Buffer A (25 mM Tris-HCI (pH 8.0), 50 mM NaCl, 5
mM BME, protease inhibitor cocktail tablet (Roche)), dialyzed against 1 L of Buffer A
overnight at 4°C, clarified by centrifugation for 30 min at 27000 X g, and then subjected
to anion-exchange chromatography using a 5 ml UNOsphere ™ Q cartridge (Bio Rad).

MA-CA protein was present in the flow-through and subsequently spontaneously
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precipitated. The precipitate was pelleted and dissolved in 5 ml of STE buffer
containing 5 mM BME and 0.2% DPC (N-dodecylphosphocholine). DPC was removed
by two rounds of dialysis against 1 L of 50 mM Tris-HCI pH7.4, 1 M NaCl at 4°C for 16
h, and the sample was subsequently concentrated to 0.8 ml with an Amicon Utracel-10K
filter unit (Millipore). The final yield of MA-CA protein was approximately 3 mg, with a
purity of greater than 95% as determined by SDS-polyacrylamide gel electrophoresis
(PAGE) and staining with Coomassie blue.

Recombinant CA and MA-CA proteins were assembled in 50 mM Tris-HCI (pH
8.0), 1 M NaCl at 37°C for 1 h at 0.8 mg/ml each, and assembled proteins were pelleted
by centrifugation at 5,000 X g for 5 min at 4°C. The supernatant was removed, and the
pelleted assembled protein was resuspended in 25 mM Tris-HCI (pH 8.0), 0.5 M NaCl.
Immunoprecipitation was performed with Pierce™ protein A/G magnetic beads (Thermo
Scientific) per the manufacturer’s instructions. Beads (200 pg) were coated with 5 pl
anti-MA antibody (rabbit polyclonal, 4811 NIH AIDS Research and Reference Program)
for 1 h at room temperature in wash buffer (25 mM Tris-HCI (pH 8.0), 0.5 M NaCl,
0.05% Tween-20). 15 pl of each resuspended assembly or coassembly reaction was
added to coated beads and incubated for 16 h at 4°C in 25 mM Tris-HCI (pH 8.0), 0.5 M
NaCl. The beads were washed thrice in wash buffer. Beads were resuspended in 30 pl
of 2X Laemmli buffer containing 10% BME and incubated for 10 min at 95°C. Beads

were removed from the sample by magnet prior to SDS-PAGE and immunoblotting.

109



Visual Inspection Of Recombinant CA And MA-CA Assembly Reactions
Recombinant CA and MA-CA proteins were assembled as above at 0.8 mg/ml
each, pelleted, supernatants removed, and pelleted reactions resuspended in 25 mM
Tris-HCI (pH 8.0), 0.5 M NaCl. To check tube assembly, reactions were visualized by
negative-stain EM after staining with 0.7% uranyl formate, and images were collected
with an FEI Morgagni electron microscope at 100 kV at a magnification of 4,400 X or

2,200 X. Images were recorded on an AMT 100X 100 charge-coupled device camera.

Integration Site Analysis

In preliminary experiments, genomic DNA was extracted from HEK293T cells
infected with VSV-G-pseudotyped HIV-1nLx.Luc.r- OF HIV-1NLX LucR-U3tag USING the DNeasy
Blood and Tissue Kit (Qiagen). To sequence U5-cell DNA junctions, genomic DNA was
digested with Msel and Bglll (192). For U3-cell junctions, DNA isolated from cells
infected with HIV-1nix Luc.R-U3-tag Was digested with Avrll, Nhel-HF, Spel-HF, and BamHI-
HF. Following digestion, fragmented DNA was ligated to adapters and subjected to
consecutive rounds of ligation-mediated (LM)-PCR, essentially as previously described
(192) using 16 independent PCR reactions for each primer pair during both rounds of
PCR.
Plasmid pNLX.Luc.R-U3-tag was cotransfected with either pNL4-3 or pNL4-3 MA-CA
plasmid and pHCMV-G to produce pseudotyped HIV-1 particles, which were then used
(12.5 ng of p24) to inoculate 0.5 million HeLa-P4 cells. Cells were subsequently
cultured for 4 days, and cellular DNA was extracted (QIAGEN DNeasy Blood and

Tissue Kit). The DNA was processed for LM-PCR and lllumina sequencing essentially
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as described above and as in references (59, 192). Read pairs from 150 bp paired end
sequencing were selected for U3 LTR sequences in the first read (read 1) and linker
DNA (read 2) in the second read. After trimming both LTR and linker sequences, reads
were aligned to human genome build hg19 by BWA-MEM aligner with pair end option
(311). MA-CA virus experiments compiled results from two independent infections, and
the alignment outputs from both experiments were combined to generate single
alignment files to map integration sites. For preliminary work with the U3-tagged virus,
only read1 information was aligned using the Hisat aligner (312). BWA-aligned reads
were filtered to remove unmapped reads using the —F 4 option in SAMtools (313), while
secondary alignment and reads with low MAPQ score were removed using —F 256 —q 1
options. The paired end analysis filtered for reads that were properly distanced and
directed towards each other on the same chromosome; reads where the distance
between the integration site and the linker ligation site was > 900 bp were omitted from
analysis. Unique reads across pipelines were selected and converted into the BED
format. To account for the 5 bp duplication of genomic DNA associated with HIV-1
integration, the left interval of the BED format was determined by adding 2 to the
integration site if the site was on the genomic positive strand and by subtracting 2 from
the site if it was on the negative strand. Similarly, the right interval of the BED format
was obtained by adding 3 to the integration site if the site was on the positive strand and
by subtracting 3 if the site was on the negative strand. Distribution of integration sites
with respect to various genomic features of the human genome was analyzed using
BEDtools as described previously (192). The computation random integration control

(RIC) was similarly mapped using DNA fragments generated following digestion of hg19
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with restriction endonucleases Avrll, Nhel, Spe, and BamHI in silico. Statistical

analyses were performed as described previously (192).

Cytoplasmic Extracts Of Hela P4 Cells

HelLa P4 cells were grown to confluency in 50 10 cm dishes. Cells were washed
once in PBS and detached with Trypsin. Cells were collected in DMEM and pelleted at
3,300 rpm for 5 min at 4°C. Pellets were resuspended in cold PBS and multiple pellets
were combined, pelleted again, and resuspended in 12.5ml of Lysis Buffer (10 mM Tris
HCI pH 8.0, 1.5 mM MgCl., 10 mM KCI, 0.5 mM EDTA pH 8.0, protease inhibitor tablets
(Roche)). Cells were lysed by sonication, and lysis was determined by Trypan Blue
staining. Cell nuclei were pelleted at 14,000 X g for 30 min at 4°C. Protein

concentration was determined by absorbance at 280 nm.

in vitro Binding Assays Of Recombinant CA And Cell Extracts

Purified 14C/45C CA was purified as above and assembled in a dialysis cup for 1
h at 4°C in Buffer 1 (1 M NaCl, 50 mM Tris HCI pH 8.0, 20 mM BME) and transferred to
Buffer 2 (1 M NaCl, 50 mM Tris HCI pH 8.0) for 16 h at 4°C. Assembled protein was
pelleted at 5,000 X g for 5 min at 4°C. Pelleted protein was resuspended in Binding
Buffer (50 mM Tris HCI pH 8.0, 150 mM NacCl, 5 mM MgCl., 0.5 mM EDTA). CA (12.5
Mg) was added to lysates (125 ug) binding buffer, and in some cases, 7 yM PF74, 40
MM BI-2, or matched DMSO control (0.5%), and reactions were incubated on ice for 1 h
with gentle mixing every 15 min. Binding reactions were pelleted at 5,000 X g for 5 min

at 4°C, resuspended in binding buffer and pelleted again. Reaction pellets were
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resuspended in 15 pl of 2X Laemmli buffer containing 10% BME and incubated for 5
min at 95°C. Immunoblotting was performed as above. The binding reactions prepared
for mass spectrometry were performed as above. The proteins were separated by
SDS-PAGE and stained with colloidal Coomassie. Gels were submitted to Hayes
McDonald at the Vanderbilt Mass Spectrometry Research Center for Multidimensional
Protein Identification Technology (MuDPIT) analysis.

Alternative binding assays utilized the same CA and lysate conditions as above
in Binding Buffer 2(50 mM Tris HCI pH 8.0, 150 mM NaCl, 5 mM MgClz, 0.5 mM EDTA,
0.086% Brij-58 (10X CMC)). Binding reactions proceeded for 1h at 37°C with gentle
mixing every 15 min. Reactions were overlayed atop layers of 45% and 30% sucrose
solutions (prepared in Binding Buffer 2) and centrifuged at 10,000 rpm for 10 min at
4°C. Reaction pellets were resuspended in 15 pl of 2X Laemmli buffer containing 10%

BME and incubated for 5 min at 95°C. Immunoblotting was performed as above.

EF1A Depletion Experiments

EF1A shRNA pLKO.1 vectors were purchased from GE Healthcare, Dharmacon
(TRC EEF1A1, RHS4533-EG1915). Lentiviruses were generated by PEI cotransfection
of pLKO.1 (20 ug), psPAX2 (15 ug), and pHCMV-G (5 pg) plasmid DNAs. Hela P4,
HelLa TZM-bl, SupT1, and CEM cells were transduced with 500 ng p24 of the resulting
lentiviruses in media supplemented with 8 pg/ml Polybrene. Cells were incubated for 48
h at 37°C, 5% CO.. 48 h after transduction, cells were collected and plated in media
containing 1 pg/ml puromycin. 48 h after selection with puromycin, cells were collected,

counted, and plated for immunoblot analysis (500,000 cells) in 10 cm dishes, or single-
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cycle infection (15,000 cells) in 96 well plates. Five days post transduction, cells were
analyzed in the following ways. First, cell extracts were prepared with RIPA buffer
(150mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris HCI pH
8.0), and protein concentration was determined by BCA assay. Immunoblots of extracts
were performed as detailed above. Second, cells were infected with viruses listed
above. 48 h post infection, cells were detached with trypsin and fixed overnight in PBS
containing 4% fresh paraformaldehyde. GFP expression in cells was analyzed by flow
cytometry on an Accuri C6 flow cytometer, analyzing a minimum of 5,000 cells per
sample. Third, cells were stained with a FITC-labelled human CD4 antibody (mouse
monoclonal, BD Biosciences, clone RPA-T4, Lot 3303851, Cat 555346, 1:5 dilution) in
PBS containing 2% FBS, on ice for 30 min with gentle mixing every 5 min. Cells were
pelleted, resuspended in PBS/FBS, twice, with a final resuspension in 4% PFA, stored
16 h at 4°C. FITC-labelled cells were analyzed by flow cytometry as above. Fourth,
cells were biosynthetically labelled with 25S. Cells were washed twice in labelling media
(DMEM without L-cysteine and L-methionine) and then incubated in labeling media for
15 min at 37°C 5% CO.. Following incubation and aspiration, labeling media containing
0.2 mCi/ml was added to cells and incubated for 90 min at 37°C 5% CO.. Cells were
washed twice in cold PBS, and cell extracts were prepared in cell lysis buffer (50 mM
Tris HCI pH 7.5, 100mM NaCl, 1% NP40, protease inhibitor tablets (Roche); nuclei were
pelleted by centrifugation at 14,000 X g for 5 min at 4°C. Supernatants were collected,
and protein concentration was determined by BCA. Proteins were separated by SDS-
PAGE. The gel was fixed in 30% methanol, 10% acetic acid mix for 30 min at room

temperature, followed by two incubations in water for 15 min, and a final incubation in
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Fluorenhance for 30 min. Dried gels were exposed to x-ray film for 36 h at -80°C, and

the film was imaged with a phosphorimager.

Statistical Analysis

Analysis was performed with GraphPad Prism 7 software (GraphPad, La Jolla, CA,
USA). Comparisons were performed with unpaired t-test or single-sample t-test with a
hypothetical mean when comparing normalized data. Integration site sequencing and
MuDPIT comparisons were performed with Fisher’s exact test. All tests were

considered statistically significant at p<0.05.
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